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Indium tin oxide (ITO) thin films have been widely used as transparent electrodes 
in many optoelectronic and electro-optic devices, such as solar cells, flat panel displays 
and organic light-emitting devices (OLEDs), because they combine attractive properties 
with respect to visible transparency and electrical conductivity.  
 
A high quality ITO film with correct stoichiometric composition is essential to its 
application. In spite of many investigations on ITO films, there are few studies on the 
estimation of the absolute oxygen concentration. In this work, the effect of hydrogen 
partial pressure used in the sputtering gas mixture on the properties of low-temp ITO 
films is discussed. The absolute oxygen concentration in the ITO films was measured by 
Rutherford Backscattering Spectroscopy (RBS). The correlation between the hydrogen 
partial pressure used in the film growth and the electrical, optical, mechanical and 
structural properties of ITO films also was explored. The doping efficiency of oxygen 
vacancies was determined by a combination of RBS and Hall measurements. Also it was 
found that the work function of low-temp ITO films is a function of the hydrogen partial 
pressure in the sputtering ambient. 
 
The composition and the chemical state of conductive light-absorbing ITO films 
were investigated using RBS and X-ray photoelectron spectroscopy (XPS). The results 
reveal that a high oxygen deficiency and an increase in the atomic ratio of Sn2+/Sn4+ in 
ITO films are responsible for an increase in the film absorption over the visible 
wavelength. The wavelength-dependent refractive index of ITO is found to be decreased 
with the oxygen deficiency. 
 V   
 
High visual contrast is particularly important for organic light-emitting devices. In 
high ambient illumination, the reflective rear electrode reflects the incident ambient light, 
resulting in a decreased clarity and legibility of the image. To an observer, the image 
visually perceived is washed out and poorly readable. It is desirable to sufficiently reduce 
the reflection of the ambient light from the mirror-like surface of the electrode, thereby 
increase the visually perceived contrast of the image.  
 
Improving the visual contrast in OLED displays is another important issue to 
address with a significant technological implication. A composite optical destructive 
anode consisting of optically absorbing and electrically conducting oxygen-deficient ITO 
layer is used for high-contrast OLEDs. The OLEDs made with the optical destructive 
contacts exhibit a substantial reduction in the ambient light reflection from the metallic 
cathode, leading to an enhanced visual contrast. No manufacturing complexity, limitation 
of flexibility, invasive deposition process and demanding deposition requirements are 
involved in the device fabrication. It displayed visually superior performances with good 
reproducibility, while the current-voltage characteristics are comparable. Results of 
spectral reflectance, as well as electrical characterizations, are discussed on various 
OLEDs with optical destructive anodes.  
 
The reduction of the reflectance caused by the optical destructive anode was 
further investigated using optical admittance analysis. By optimizing the thickness and 
the optical properties of the highly oxygen-deficient ITO layer in OLEDs, further 
enhancement of the device contrast can be achieved. 
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CHATPER 1 INTRODUCTION 
 
1.1 General background of transparent conducting oxides 
 
Thin films of transparent conducting oxides (TCOs) are highly transparent in the 
visible region and reflective in the infrared region with nearly metallic like conductivity. 
TCO thin films have been widely used in optoelectronic devices due to their unique 
electrical and optical properties. The cadmium oxide (CdO) is the first reported TCO that 
possesses both transparent and conducting properties [1]. Thin films of metals (~100-200 
Å) such as Au, Ag, Cu, Fe also exhibit a high electrical conductivity and a relatively high 
optical transmittance, but the thin metallic films, in general, are not very stable in air and 
have limitations in device applications. Compared with the metallic thin films, TCO films 
are particularly more useful because of their superior chemical stability and hardness.  
 
It is now known that thin films of non-stoichiometric or doped metal oxide such 
as indium oxide, tin oxide, zinc oxide and cadmium stannate exhibit high transparency 
and nearly metallic like conductivity [2-4]. Generally, TCO films are n-type and highly 
degenerated wide-gap semiconductors with an optical band gap range of 3~4.5 eV [2, 3]. 
Recently much effort has been focused on exploring p-type TCOs for novel all-oxide 
transparent or semitransparent opto-electronic devices. Kawazoe et al [5] reported a p-
type oxide semiconductor CuAlO2. Thus it shows promise of the potential applications of 
transparent p-n junction by combining both n-type and p-type TCO films. 
 
Many new materials and manufacturing techniques have been developed to satisfy 
stringent technological requirements. The required quality of the films increases with the 
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boosting sophistication of the applications. Accounting for the unique combined 
electrical and optical properties, TCO films have found a variety of applications. 
Coatings of In2O3, SnO2 and ITO are widely used in many applications including heat 
mirrors [6], energy saving windows [7], transparent electrodes for displays [8-14], 
transparent electrodes in solar cells [15-22], gas sensors [23-28], corrosion-resistant 
coatings [29-32]. The selection of a suitable material for a specific application depends 
on its electrical, optical and mechanical properties as well as chemical stability. 
 
In addition to the above applications, TCOs have also been used as buffer layers 
in superconducting thin films [33], gate electrodes in MOS capacitors [34], active 
elements in transparent thermocouples [35], electrodes in ferroelectric films [36], optical 
memory materials in optical recording devices [37] and varistors [38]. ITO film is 
resistant to laser damage and is a potential candidate for use in Pockel’s cell [39].   
 
1.2 Thin films of indium tin oxide 
 
Among the existing TCOs, ITO is one of the most important and it is widely used 
TCO materials due to its superior characteristics. In view of its practical importance, a 
great deal of basic research and development has been carried out for better 
understanding the electrical and optical properties of ITO films.  
 
The properties of ITO films are strongly dependent on the process conditions and 
deposition techniques. Much effort has been carried out to understand the physical 
phenomena in ITO and the limitations that are hampered by the variety of preparation 
methods. Vossen [40], Jarzebski [41], Manifacier [42], Dawar and Joshi [43], and Chopra 
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et al [44] have reviewed the different thin film preparation techniques, the properties of 
ITO and their importance in thin film technology. Hamberg and Grangvist summarized 
the basic optical properties of ITO and discussed their potential for applications as the 
energy saving windows [7].  
 
Various manufacturing techniques have been developed to meet both economic 
and technological demands. Thermal evaporation deposition [45], magnetron sputtering 
[46, 47], electron beam evaporation [48], spray pyrolysis [49], chemical vapour 
deposition [50], dip-coating techniques [51, 52], and pulsed laser deposition [53, 54] are 
some of the preparation methods currently used for different applications. In particular, 
sputtering is one of the most versatile techniques used for the fabrication of high quality 
ITO films. Compared with other deposition techniques, the sputtering process produces 
films with higher purity, better-controlled composition, greater adhesive strength and 
better film uniformity. 
 
The development of organic light-emitting devices, this last decade, boosted the 
research on ITO films. It is shown that both surface and bulk properties of ITO play an 
important role in determining the performance of OLED. Much work has been focused 
on films deposited onto glass substrates or other rigid substrates. However, glass 
substrates are unsuitable for certain applications such as electronic maps, smart cards, and 
portable computers where flexibility, weight, and/or safety issues are important. Glass is 
very brittle and difficult to be deformed or used in flexible devices. These disadvantages 
can be overcome using flexible plastic substrates which are robust, lightweight, and cost 
effective. For these reasons, flexible plastic substrates have been used in passive and 
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active matrix displays [55] such as liquid crystal displays and polymeric and molecular 
organic light-emitting devices [56-59]. Future displays will essentially be based on active 
matrix displays. The complexity of the addressing circuitry for these displays 
continuously increases and often includes three or four thin film transistors (TFT) at each 
pixel. This makes the substrate pretty opaque and high-resolution displays could only be 
achieved using top-emitting OLED architecture where ITO is required to form on the top 
of the active organic layers. Such geometry could also be of paramount interest for 
OLED microdisplays that are built on silicon thin film transistors. Another device 
requiring ITO-on-top electrode is the transparent OLEDs first reported by the Princeton 
group [60]. The challenge for above-mentioned devices relies on the capability of 
deposition high quality ITO under soft enough conditions so as to avoid any degradation 
of the underlying plastic substrates or organic materials during ITO deposition. High 
performance ITO films are usually deposited at a substrate temperature over 200 ˚C 
and/or required a postdeposition annealing process to improve the overall ITO quality. 
However, plastic substrates or organic materials are not compatible to high substrate 
temperature as the glass transition temperature of the organic layers or the plastic 
substrates is much lower. Therefore it is essential and particularly important to develop a 
technique to produce high quality ITO at a low processing temperature. 
 
It was reported by Hamberg et al that ITO prepared at a low temperature and 
oxygen-deficient ambient are absorbing and somewhat conductive [7]. The blackening of 
ITO films is observed during deposition of ITO films [61-64] and/or the subsequent 
sputtering of dielectric films on ITO-coated substrates [65-67]. ITO is essentially In2O3-
based material that is doped with Sn to improve electrical conductivity. The presence of 
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metal indium in ITO/silicon oxide/Si junction solar sells was one of the main factors 
causing dark ITO that deteriorate the device performance. Wu and Chiou [62] and 
Matsuoka et al [65] argued that the reduction of SnO2 in ITO films resulted in the 
blackening of ITO. Fan and Goodenough [63] considered that the darkening of ITO was 
due to the formation of a second phase in the bulk of the films. While the mechanism for 
the blackening of ITO films is still not clear, the stoichiometry of the oxide film seems to 
be an important factor in both optical transparency and electrical conductivity.  
 
For conventional OLEDs, high transparency of ITO layer is desirable. To increase 
efficiency and reduce driving voltage, the low work function metal cathodes for OLEDs 
are utilized, usually resulting in high reflection [14, 68]. In high ambient illumination, the 
reflective metallic electrode reflects the incident ambient light, resulting in a decrease in 
contrast of the visual image. To an observer, image visually perceived is washed out and 
poorly legible. In many applications, particularly in outdoors or in brightly illuminated 
environment, visual contrast may be more important than the brightness of the image. 
The conductive light-absorbing ITO shows the potential to serve as a non-reflective layer 
in the device to enhance the device contrast. 
 
1.3 Aims and objectives 
 
This research aimed at providing systematic studies of oxygen deficient ITO films 
prepared at a low processing temperature using rf magnetron sputtering. The potential 
applications, particularly in novel OLEDs, have been explored. In addition, this work also 
identified the important areas for future experimental and theoretical studies. The primary 
objectives of this research were: 
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1. To develop a process to deposit optimal ITO at a low processing temperature 
suitable  for high contrast OLEDs; 
2. To better understand the optical, electrical, mechanical and structural properties of 
oxygen-deficient ITO; 
3. To study the correlation between electrical and optical properties of amorphous 
ITO; 
4. To investigate the doping efficiency of oxygen vacancies in amorphous ITO; 
5. To prepare and characterize highly oxygen-deficient ITO; 
6. To fabricate and characterize sunlight readable OLEDs with a composite optical 
destructive anode; 
7. To design and optimize sunlight readable OLEDs using optical admittance 
analysis. 
 
1.4 Organization of the thesis 
 
In Chapter 2, the background and the relevant literature survey of ITO are 
presented. The basic concepts and the fundamental properties of ITO are discussed. The 
growth techniques employed for the preparation of ITO thin films are summarized. The 
principle, device architecture and fabrication of OLEDs are reviewed. The recent 
progresses made in high contrast OLEDs are also discussed. 
 
In Chapter 3, the experimental procedures including the growth of ITO film at a 
low processing temperature and in an oxygen-deficient ambient are described. The 
characterization methods with respected to the optical, electrical, mechanical and 
structural properties of ITO are presented. The design, fabrication and characterization of 
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OLEDs are addressed. The principles of computer simulation using optical admittance 
analysis, as well as the simulation setup, are briefly introduced.  
 
In Chapter 4, the findings concerning the properties of low-temperature ITO 
prepared at oxygen–deficient ambient are presented. The effect of the hydrogen partial 
pressure in the processing gas mixture on the electrical, optical, mechanical and structural 
properties of ITO films is investigated. Rutherford backscattering spectroscopy (RBS) 
was utilized to determine the doping efficiency of the oxygen vacancy in ITO films. It is 
found that there are more than ten times as many oxygen vacancies as they would be 
expected from the carrier concentration measurements. It is therefore clear from this 
work that the doping mechanism of a low-temperature ITO is more complex than the 
usual picture of every oxygen vacancy producing two free electrons. The correlation 
between the hydrogen partial pressure in the sputtering ambient and the electrical and 
optical properties of low-temperature ITO is discussed. This work also revealed that the 
work function of the ITO films can be adjusted by varying hydrogen partial pressure 
during the film deposition. 
 
In Chapter 5, the principle of sunlight readable OLEDs fabricated with an optical 
destructive anode (ODA) is discussed. This novel anode incorporates a conductive light-
absorbing oxygen-deficient ITO layer and a transparent ITO layer. The sunlight readable 
OLEDs demonstrate a sun/eye-integrated reflectance (SEIR) of 13%, which is about 5 
times lower than that of the standard device, while the current-voltage characteristics are 
comparable. RBS and X-ray photoelectron spectroscopy (XPS) were used to investigate 
the composition and the chemical state of the conductive light-absorbing layers. The 
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results show that a high oxygen-deficient ITO had a higher atomic ratio of Sn2+/Sn4+ in 
the film compared to the transparent ITO. The blackening of the ITO films is associated 
with the nature of high Sn2+/Sn4+ in the film. A significant decrease in the wavelength-
dependent refractive index in a highly oxygen-deficient ITO was determined by the 
variable angle spectroscopic ellipsometry (VASE) over the visible light spectrum. The 
reduction of the specular reflectance of OLED, which is caused by the optical destructive 
anode, was further analyzed by computer simulation using admittance analysis. The 
simulated specular reflectance of sunlight readable OLEDs agreed well with the 
measured specular reflectance. 
 
In Chapter 6, the research findings and the important results of this work are 
summarized. In addition, future work on optimization of sunlight readable OLEDs and 
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CHATPER 2 BASIC THEORY AND LITERATURE REVIEW 
 
2.1 Basic concepts and properties of ITO 
 
In2O3 crystallizes with a bixbyite, C-type cubic, rare earth sesquioxide crystal 
structure with space group  [1]. Each indium atom is surrounded by six oxygen 
atoms at the corner of a distorted cube, with two vacancies at the two unoccupied corners. 
The lattice parameter of In
37 IaTh
2O3 is 10.117 Å. The unit cell contains 80 atoms and as such, 
the structure is highly complicated. However, Hamberg and Granqvist [2] and Fan and 
Goodenough [3] have proposed a simple band structure to explain the conduction 
mechanism in In2O3.  According to Hamberg and Granqvist [2], the band structure of 
In2O3, shown in Fig 2.1 (a), has parabolic bands characterized by effective mass of the 
free electrons  for the conduction band and  for the valence band. The direct band-





0gE  is 3.75 eV. The dispersions for the valence and conduction bands are 




















0 h ,                                                                                         (2.2) 
 
where k is the wave vector. Superscript 0 denotes unperturbed bands. 
 
Indium tin oxide retains a crystal structure of undoped-bulk In2O3.  However the 
lattice constant values are usually higher than those in undoped-bulk In2O3.  This increase 
in lattice constant is due to the substitional incorporation of Sn4+ ions at In3+ sites or the 
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incorporation of tin ions in interstitial positions. The ITO films, in general, exhibit a 













































































 Fig. 2.1 Schematic band structures of undoped (a) and Sn doped 
In2O3 (b). Shaded areas denote occupied states (adapted from [2])e properties of ITO can be understood by superimposing the effect of tin 
 the host lattice of In2O3.  As already mentioned, the crystal structure of In2O3 is 
mplicated and as such the calculations of ITO band structure have not been 
mberg and Granqvist [2] have assumed an ITO band structure, shown in Fig. 
 the case of ITO, A partial filling of the conduction band as well as shifts in the 
the bands relative to their locations in In2O3, takes place as indicated in Fig. 2.1. 
t of doping, there is a blocking of the lowest states in the conduction band and 
idening of Eg, but at the same time electron-electron and electron-impurity 
 tend to decrease the gap. This is illustrated as 0gE  > W in Fig. 2.1, where W is 
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the energy difference between the top of the valence band and bottom of the conduction 
band in ITO. This effect can be described by replacing the dispersion of unperturbed 
bands, equations (2.1) and (2.2), by the following relations: 
 
∑+= vvv kkEkE h)()( 0 ,                                                                                    (2.3) 
∑+= ccc kkEkE h)()( 0 ,                                                                                    (2.4) 
 



















     Fig. 2.2 Schematic energy band model of lightly Sn-doped In2O3 (adapted from [3]). 
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In2O3   is usually oxygen deficient. The oxygen vacancies usually give rise to a 
shallow donor level just below the conduction band. In the case of ITO, Sn: 5s level is 
stabilized just below . Unlike oxygen vacancies VcE o, a two-electron donor level, Sn: 5s 
level is a one-electron donor level. In ITO films, Vo and Sn: 5s levels co-exist and both 
contribute conduction electrons as shown in Fig. 2.2. When a small amount of Sn is 
added in In2O3, the Sn enters substitutionally in the cation sublattice. Hence, the Sn4+ 
replaces In3+ and acting as an n-type donor. The new material can be represented as In2-
ySnyO3ey. 
 
2.2 Electrical properties   
 
Electrical conductivity (σ) depends on the concentration (N) and mobility (µ) of 
relevant free carrier as follows: 
 
σ = Nµe,                                                                                                              (2.5)    
  
where e is the electron charge.  In order to obtain films with high conductivity, high 
carrier concentration and mobility should be simultaneously realized. The electrical 
properties of the TCOs depend critically upon the oxidation state of the metal component 
(stoichiometry of the oxide) and on the nature and quantity of impurities incorporated in 
the films. 
 
2.2.1 Conduction mechanism         
 
In2O3 has the cubic bixbyite structure in which O2- ions occupy, in an ordered 
matter, three-fourths of the tetrahedral interstices of a face-centered-cubic In3+ ion array 
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[4]. Indium tin oxide should have a filled O2-: 2p valence band that is primarily oxygen 
2p in character [3]. The In: 3d core lies below the valence band edge vE  [4]. The 
conduction band is the metal-5s band with an edge cE  about 3.5 eV above vE  [5, 6]. The 
next higher band is the metal-5p band. Generally, In2O3 lacks stoichiometry due to 
oxygen vacancies Vo. At high Vo concentration, a Vo impurity band forms and overlaps 
at the bottom of the conduction band producing a degenerate semiconductor. The 
oxygen vacancies act as doubly ionized donors and contribute at a maximum two 
electrons to the electrical conductivity. Tin acts as a cationic dopant in the In
cE
2O3 lattice 
and substitutes the indium, providing an electron to the conduction band. 
 
The defect structure of In2O3 has been studied by De Wit et al [7, 8]. Oxygen 
vacancies are considered as the predominant point defects in In2O3 according to the 
following reaction:  
 
2InxIn + 3OxO ⇄ 2InxIn + 3VO + 6e′ + 2
3 O2 (g),                                                    (2.6)  
 
where VO denotes doubly charged oxygen vacancies and e′ denotes electrons which are 
needed for charge neutrality on the macroscopic scale. 
 
Frank and Kostlin [9] have suggested that oxygen-deficient In2O3 can be 
represented as In2O3-x (VO) e2x′, where x is normally less than 0.01.  
 
There are three types of defects have been proposed for ITO films with high Sn 
doping concentration. They are an ionized ( ) complex involving an interstitial O ''2 iOSn
⋅
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atom loosely bound to two Sn atoms, a nonionizable ( )42OSn
4 complex composed of two 
nearby Sn atoms which strongly bind three closest O atoms together with an additional O 
atoms, and a ( )( )''2 iOSn
⋅
42OSn
4 associate [2]. However these three defects are expected to 
play a marginal role. 
 
In amorphous materials, the hopping process is the most dominant conduction 








−= σσ ,                                                                                       (2.7) 
 
where the value of x  depends on the dimentionality and nature of the hopping process. 
When conduction is three dimentional, variable range hopping (VRH) gives = 0.25 for 




In amorphous materials, VRH conduction occurs at temperatures at which the 
photons do not have sufficient energy for transfer to a nearest neighbor atom, and the 
charge carriers hop from a neutral atom to another neutral atom situated at the same 
energy level, which can be many inter-atomic distance away. The most commonly used 
model for VRH is due to Mott [11], which is based on a number of assumptions, e.g. (i) 
energy independent of the density of states, (ii) neglect of correlation effects in the 
tunneling process, (iii) omission of multiphoton process,  (iv) neglect of electron-photon 








−= σσ ,                                                                                     (2.8) 
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W π= ,                                                                                            (2.12) 
 
where N ( ) is the density of states near the Fermi level, FE cλ  is a dimentionless constant 
(≈ 18), phν  is a frequency factor taken here as the Debye frequency (≈ 3.3×1012 Hz), α  is 
the decay constant of the wave function of the localized states near the Fermi level, R is 
the mean hopping distance and W is the hopping energy. 
 
2.2.2 Carrier concentration 
 
Most of the efforts made to improve the conductivity of the material have been 
focused on increasing the effective number of free carriers (N) via doping. Although this 
method had some success, it is self-limiting. As the dopant atoms occupy random sites in 
the host lattice, the process of doping certainly impairs the mobility while increasing N. 
Hence, obtaining the lowest possible resistivity is a trade-off between carrier 
concentration and electron mobility. The following relation deduced by Johnson and 
Lark-Horovitz [12] for a complete degeneracy, µ = (4e/h) (π/3)1/3N−2/3 = 9.816 × 1014 
N−2/3(cm2V−1s−1), shows that the mobility (µ) and carrier concentration (N) are no longer 
independent but are governed by a rule µ = ∝ N−2/3. Furthermore, at high dopant 
concentrations, the observed carrier concentration in ITO films is lower than that 
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expected assuming that every soluble tin atom contributes one free electron. This implies 
that a portion of the tin remains electrically inactive. Assuming that the higher the tin 
content the more probable the tin ions occupy the nearest-neighboring anion sites, 
Köstlin, Jost, and Lem [13] presented two arguments to elucidate the annihilation effect 
of two Sn cations. 
(1) The additional Sn anion changes its valence from 4+ to 2+, forming a neutral 
complex of Sn2+-Sn4+ with respect to the normal matrix. 
(2) The tin pair substituting two neighboring indium atoms strongly binds additional 
oxygen, forming a neutral complex that consists of the two Sn4+ ions and the 
additional oxygen, that is, Sn2O4. 
Based on Mössbauer spectra which did not confirm the existence of divalent Sn 
anions at any tin concentration, the second possibility seems to be the more probable. 
Meng et al [14] supported this view by performing an X-ray photoelectron spectroscopy 
(XPS) measurement. They showed that the increase in carrier concentration due to a high 
temperature annealing is not ascribed to the transition of SnO to SnO2.  
Two more models are considered in literature [15, 16] for the compensation of tin 
donor: 
(1) Anion interstitial model: completely filled cation sublattice with an excess of δ/2 
oxygen (Oi) on a quasianion sublattice neutralizing the δ ionized tin donors, 
formally, In2-δSnδ(Oi)δ/2O3. 
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(2) Cation vacancy model: creation of δ/3 cation vacancies (VIn) to preserve 
electrical neutrality, formally, In2-4δ/3(VIn)SnδO3. 
 
Frank and Köstlin [17] rejected the second model because they did not notice any 
increase in film thickness during oxidation as expected. On the basis of the first model 
they proposed the formation of the following neutral defects.  
(1) (Sn2Oi"): Two Sn4+ ions which are not on nearest-neighbor positions loosely 
bound to an interstitial oxygen anion. This interstitial defect dissociates on 
annealing under reducing conditions: Sn2Oi"⇄ 2Sn + 2e− + 1/2O2(g). 
(2) (Sn2O4)x: Two nearest-neighbor Sn4+ ions bound to three nearest neighbors on 
regular anion sites and an additional interstitial oxygen ion on nearest quasianion 
site. This neutral defect was previously discussed [13]. 
(3) (Sn2Oi")(Sn2O4)x: Associate of the two above mentioned defects. 
Other macroscopic factors controlling the doping efficiency were also postulated. 
According to Mizuhashi [18], the high impurity level results in the distorted crystal lattice 
so that it can no longer be effective either in generating Sn4+ ions on substitutional sites 
or in generating oxygen vacancies. Excessive disorder in the form of an intergranular 
amorphous phase is also observed [19]. Na et al [20] studied the way in which excessive 
tin oxide affects the properties of ITO films. They observed continuous SnO2 precipitates 
along the grain boundaries. Ryabova et al [21] deposited ITO films by the pyrolysis 
method. The film homogeneity was improved after annealing as a result of the diffusion 
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of tin atoms in the In2O3 matrix. As a consequence, the lattice disorder was decreased and 
hence the mobility in the annealed films increased. Recently, Haynes and Shigesato [22] 
showed that In+ implantation into ITO films, prepared by conventional electron beam 
evaporation, increases the carrier concentration by simultaneously generating excess 
vacancies (displacement of atoms from lattice sites during collisions) and stabilizing the 
excess oxygen vacancies (introduction of cations). It was also reported [23] that 
implantation of H+ improved the resistivity of sputtered ITO films due to the creation of 
oxygen vacancies.  
2.2.3 Carrier mobility 
The carrier mobility of the carriers in ITO films is strongly dependent on the 
particular structure of In2O3 [6, 24] and the modification of the network [25]. As a 
consequence, there is a strong scattering effect on free carriers. Thereby the mobility is 
considerably lowered.  There are many sources of electron scattering which may 
influence the electrical and optical properties of the ITO films. Scattering by grain 
boundaries and acoustical photons [26] apparently play a subordinate role since in the 
majority of the cases the mean free path length of electron is smaller than the crystallite 
size [27]. Nevertheless, grain boundary scattering [28-32] is sometimes, postulated in 
ITO films with small crystallite size as an important factor that contributes to the 
decrease in the mobility. In some cases, domain (coalescences of ordered grains) 
boundaries [33, 34] are assumed to affect the mobility rather than the grain boundaries. 
Domain boundaries of an ITO film might act as a barrier height [35-37] which obstructs 
the motion of conductive electrons in the conduction band. Therefore, an increase in the 
Hall mobility might be expected in ITO films with larger domains.  In ITO films with 
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good crystallinity, electron scattering by dislocations and precipitation [20] is expected to 
be of little importance.  
 
It was pointed out that scattering of the conduction electrons by neutral and 
ionized impurity centers can dramatically affect the conductivity of semiconductors. 
Based on the work of Massey and Moiseiwitch [38], Erginsoy [39] evaluated the 
resistivity due to neutral impurities which should be taken into account particularly in 
semiconductors with small degrees of ionization. The contribution to the resistivity by 
ionized impurities was calculated by Conwell and Weisskopf [40]. Later, Dingle [41] 
derived a more refined description of the scattering effect. On the basis of the above 
mentioned theory, the following relations [17, 42-47] have been used to describe the 
effect of neutral and charged scattering centers on the mobility of degenerate 
semiconductors: 
            ,                                                                           (2.13) )20/()( 30
3*
NrN Nhem εεµ =
])(/[])(24[ 22*3320
3
IrI Nzxgmenhεεπµ = .                                                     (2.14) 
The screening function g(x) is given by 
1)4/1()/41ln()( −+−+= xxxg ,                                                                      (2.15) 
where  can be expressed as: x
])3(4/()4( 3/13/1520
*2 nhmex r πεπε= ,                                                             (2.16) 
 - 23 -                                                                                                  
                                                              CHAPTER 2 
where  is the carrier concentration, z  is the charge of the ionized centers, n 0ε  is the 
permittivity of free space, m  is the effective mass of the free electrons, and * rε  is the 
low-frequency relative permittivity. For ITO, the and *m rε  values can be taken as 0.3  
and 9 [2, 43], respectively. 
0m
Nµ  and Iµ  are the mobilities due to neutral and ionized 
scattering impurities, and N  and  are the density of neutral and ionized scattering 
centers, respectively. The total mobility 
N IN
Tµ  can be taken as the reciprocal sum of Nµ   
and Iµ : 
INT µµµ
111 += .                                                                                               (2.17) 
 
2.3 Optical properties 
 
The thin films of transparent conducting oxides, in general, are electrically 
conductive and optically transparent over the visible wavelength range, but are reflective 
to the thermal infrared radiation. For longe wavelength region, the high reflectivity is 
attributed to a high free electron concentration in TCOs. Over the short wavelength 
region, the absorption is attributed to the fundamental band-gap.  
2.3.1 Correlation between optical and electrical properties 
The real and imaginary parts of the dielectric constants ( 21 εεε i+= ) are related 
to the optical constant ( ) by: iknN +=
            , and                                                                                              (2.18) 221 kn −=ε
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nk22 =ε .                                                                                                         (2.19) 
Classical Drude theory [48] can be used for a preliminary analysis of the above 
relations. Drude theory describes the free electron contribution to the dielectric function 
by: 
)]/([)( 2221 γωωεωε +−= ∞ NDrude  , and                                                            (2.20) 
)]/()[/()( 2222 γωωωγωε += NDrude .                                                                  (2.21) 
where ∞ε is the dielectric constant, and γh is a relaxation energy which may be taken to 
be energy independent for qualitative analysis. The electron density and the effective 




22 / ceN men εω =  ,                                                                                            (2.22) 
where 0ε =8.854×10-12 F/m is the permittivity of free space. The longitudinal plasma 
energy pωh is approximately related to Nωh  by:  
222 )/( γεωω −= ∞Np .                                                                                         (2.23) 
The values of ∞ε  can be determined by plotting 1ε  vs , provided that the Drude 
formalism applies. The plasma resonance frequency 
2)( −ωh
pω  is given by: 
2/1*
0
2 )/4( eep mN ∞= εεπω .                                                                                (2.24) 
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The experimental results can be explained well by Drude theory when it is applied 
to the visible and near-infrared wavelength ranges for ITO films [49]. It is evident that 
free electrons play a crucial role to determine the optical properties of the films. Due to 
an inherent limitation of the Drude theory, it is not applicable in the ultraviolet region, 
because it assumes a constant relaxation time over the whole spectral region, whereas the 
relaxation time is known to be frequency dependent. 
2.3.2 Determination of optical band gap 
In the low-wavelength region, the value of optical band-gap can be estimated by 
the standard relations [50]. The variation of the imaginary part of the dielectric constant 




2 )()( E∆−= νεεν hh ,                              for          E∆>νh                   (2.25) 
02 =ε ,                                                              for          E∆<νh                   (2.26)                  
where νh is the photon energy, 0ε  is approximately independent of photon energy and 
E∆  is the band-gap. The curve  versus 222 εν 22 )(h νh extrapolated to zero gives the value 
of . E∆
For allowed indirect transitions, i.e. non-vertical transitions, the imaginary part of 












+−−= νεν hh ,               for        )( pg EE −>νh        (2.27) 
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02 =aε ,                                                               for         )( pg EE −<νh       (2.28)                    
where  is a constant independent of photon energy,  is the photon energy and  is 













+−−= νεν hh ,               for        )( pg EE +>νh        (2.29) 
02 =eε ,                                                                for        )( pg EE +<νh        (2.30)          
If )( pg EE +>νh , the total value of 2ε  is given by:  
ea
222 εεε += .                                                                                                    (2.31) 
A plot of  versus 2/12νεh νh  when extrapolated to low energies (corresponding 
to ), gives the value of (02 =νεh 2/1 pg EE − ). A similar plot of , 
corresponding to the photon emission term of Eq. (2.29), gives photon energy intercept 
at . From these two intercept values of (
2/1a
)( EE + )EE
22 )( εεν −h
pg pg − and )( EE pg + , one can obtain 
values of and . gE Ep
2.3.3 Burstein-Moss optical band gap shift 
The blocking of the lowest states in the conduction band and neglecting scattering 
effects are first considered. Then 
BM
ggg EEE ∆+= 00 ,                                                                                            (2.32) 
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where is the band-gap shift by the Burstein-Moss (BM) theory [51]. BMgE∆
3/22*2 )3)(2/( evc
BM
g nmE πh=∆ ,                                                                        (2.33) 




+= .                                                                                               (2.34) 
Eq. (2.33) yields a band-gap change proportional to , which is in approximate 
agreement with experiments. This has led to the unjustified assumption that the BM shift 
alone would determine the band-gap widening. 
3/2
en
A more complete theory has to include band-gap shifts due to electron interaction 
and impurity scattering. Then ensuing effect can be described by replacing the 
dispersions of the unperturbed bands by the corresponding quasiparticle dispersions: 
∑+= vvv kkEkE ),()(),( 0 ωω h ,                                                                     (2.35a) 
∑+= ccc kkEkE ),()(),( 0 ωω h ,                                                                     (2.35b) 
where and are self-energies due to electron-electron (ee) and electron-
impurity (ei) scattering. The band gap is now given with: 
∑vh ∑ch
),(),( ωω ∑∑ ++∆=∆ v Fc FBMgg kkEE hh .                                                    (2.36) 
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The BM shift is dominant, but the effect of electron-impurity and electron-electron 
scattering are by no means negligible, being one half to one third in magnitude compared 
to . gE∆
2.4 Organic light-emitting devices 
Organic light-emitting devices (OLEDs) attract considerable interest recently 
because they can replace liquid crystal displays (LCDs) for light weight and flexible 
displays. The OLEDs can produce high visibility by self-luminance and do not require 
back lighting, which is necessary for LCDs and can be fabricated into lightweight, thin 
and flexible displays. In 1987, a team in Kodak introduced a double layer organic light-
emitting device, which combined modern thin film deposition techniques with suitable 
materials and structure to give moderately low bias voltages and attractive luminance 
efficiency [52, 53]. Shortly afterwards, in 1990, the Cambridge group of Friend 
announced a conducting polymer-based EL devices [54, 55]. Since then, there have been 
increasing interests and research activities in this new field and enormous progresses 
have been made in the improvement of device performance including color gamut, 
luminance efficiency and device reliability. As a consequence, various OLED displays 
have been demonstrated.  
2.4.1 Device configuration and operation 
An OLED has an organic EL medium consisting of extremely thin layers (<0.2 
µm in combined thickness) sandwiched by two electrodes. In a basic two-layer OLED 
structure, one organic layer is specifically chosen to transport holes and the other organic 
layer is specifically chosen to transport electrons. The interface between the two layers 
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provides an efficient site for the recombination of the injected hole-electron pair and 
resultant electroluminescence. 
When an electrical potential difference is applied between the anode and the 
cathode such that the anode is at a more positive electrical potential with respect to the 
cathode, holes are injected from the anode into the hole-transport layer (HTL), while 
electrons are injected from the cathode into the electron-transport layer (ETL). The 
injected holes and electrons migrate towards the oppositely charged electrode, and 


















Fig. 2.3 Energy level diagram of a two-layer OLED. 
 
The heterojunction is usually used to enhance the probability of exciton formation 
and recombination near the interface region. As shown in Fig. 2.3, the highest occupied 
molecular orbital (HOMO) of the HTL is slightly above that of the ETL, so that holes can 
readily enter into the ETL, while the lowest occupied molecular orbital (LUMO) of the 
ETL is significantly below that of the HTL, so that electrons are confined in the ETL. 
The low hole mobility in the ETL causes a build up in hole density, and thus enhance the 
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collision capture process. Furthermore, by spacing this interface at a sufficient distance 
from the contact, the probability of quenching near the metallic surface is greatly 
reduced. 
 
A three-layer structure can also be used, in which an additional luminescent layer 
is introduced between the HTL and ETL to function primarily as the site for hole-electron 
recombination and thus electroluminescence. In this respect, the functions of the 
individual organic layers are distinct and can therefore be optimized independently. Thus, 
the luminescent or recombination layer can be chosen to have a desirable emitting color 
as well as high luminance efficiency. Likewise, the ETL and HTL can be optimized 
primarily for the carrier-transport property. 
2.4.2 Charge injection and transport 
In OLEDs, both operating voltage and luminance efficiency of the devices 
strongly depend on effective charge injection from the electrodes to the organic medium 
and charge transport in the organic materials. In general, to achieve lowest possible 
voltage, it is necessary to have Ohmic contact at organic/electrode interface and to 
maximize the drift mobility of both types of carriers. Furthermore, charge injection and 
charge transport also play an important role in optimizing the device efficiency of an 
OLED. An unbalanced injection results in an excess of one carrier type that does not 
contribute to light emission, and it can also result in an enhanced non-radiative 
recombination because of interactions of excitons with the charge carriers. 
 
In general, the two processes are difficult to disentangle on the basis of the 
electrical characteristic of OLEDs. The following methods are used to study the charge-
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injection in OLEDs: (1) determining the interfacial electronic structure and chemistry by 
photoelectron spectroscopy, (2) measuring the current-density (I-V) characteristics of a 
single-carrier device, and (3) comparing the device performance before and after some 
modification. 
 
In conventional OLEDs, the hole current is limited by injection, and the electron 
current is strongly influenced by the presence of traps, owing to metal-organic 
interactions. When both electrons and holes are injected from the cathode and anode, the 
low carrier mobility in organic materials is a limiting factor which determines the rate of 
injection and hence the performance of the devices. 
 
2.4.3 Electroluminescence efficiency 
 
Both the quantum efficiency (η) and the luminous efficiency (ηp) are used in 
OLEDs. The quantum efficiency η is defined as the ratio of the number of emitted quanta 
to the number of charge carriers. Quantum efficiency is an important quantity, which 
reflects the comprehensive result of the EL process, but the luminous efficiency has a 
more technical significance, which is the ratio of the luminous flux emitted by the device 
and the consumed electric power. 
 
The following processes take place successively in OLEDs: the injection of the 
oppositely charged carriers, the formation of excitons, and light emitted during 
recombination of the electron and hole. In Fig. 2.4, the internal quantum efficiency is 
described as ηint＝γη1η2, and the external quantum efficiency is shown as ηext＝γη1η2η3. 
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 Fig. 2.4 Schematic diagram showing EL process.
 
The variable γ is the number of electron-hole pairs (excitons) formed per unit 
volume per unit time divided by the carriers flowing across unit area. The number of 
excitons formed is determined by the number of minority carriers. The quantity η1 
represents the luminance efficiency of the excitons. During electrical excitation 
approximately one singlet exciton is created for every three triplet excitons, but only 
relaxations of singlet excitons conserve spin and generate fluorescence because the 
ground state typically also spin-anti-symmetric. Therefore, one can expect a lose 75% of 
the electron-hole pairs to triplet excitons, which do not decay radiatively with high 
 - 33 -                                                                                                  
                                                              CHAPTER 2 
efficiency. The quantity η2 is defined as the ratio of radiative transition from the singlet 
excitons. In the absence of completing radiationless transitions, its value is approximately 
1. The variable η3 represents the fraction of the light emitted at the surface relative to the 
light produced in the bulk. By adding all factors together, the maximum external quantum 
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CHAPTER 3 EXPERIMENTAL AND SIMULATION 
 
3.1 Deposition of ITO thin films  
 
Both rigid glass substrates and quartz substrates were employed to deposit ITO at 
a low processing temperature and oxygen deficient ambient. All substrates were 
subjected to a routine cleaning procedure prior to loading into the sputtering chamber. 
The substrates were degreased ultrasonically in acetone and methanol solution for 30 
min, cleaned ultrasonically in deionized water and blown dry in high purity N2 gas. The 
substrates were then immediately loaded into the vacuum system and subjected to an in 














Fig. 3.1 Multi-chamber vacuum system equipped with a magnetron sputter, a 
lasma pre-treatment chamber, two device process chambers and glove boxes for
device characterization and testing.  
ITO films were deposited using an rf magnetron sputter in the multi-chamber 
 system shown in Fig. 3.1. This system consists of a magnetron sputter, a plasma 
- 38 - 
CHAPTER 3 
treatment chamber and an organic processing and electrode deposition chambers for 
OLED fabrication. The OLED fabrication system is also connected to two glove boxes 
purged with high purity nitrogen gas to keep oxygen and moisture levels below 1 ppm. 
One glove box is used for encapsulation of devices and the other is for device 
characterization. A hot pressed ITO target with In2O3 and SnO2 in a weight ratio of 9:1 
was utilized for film deposition. The substrate was fixed directly above the target and a 
mechanical shutter was attached to the target. 
 
High-purity Ar and H2 were introduced through a mass flow controller after the 
vacuum chamber was evacuated to about 1.2×10-4 Pa. The vacuum was monitored with 
precision ionization gauge during deposition. Before ITO deposition, the target was 
presputtered using argon to remove any possible contaminants and to stabilize the sputter 
conditions before the actual film deposition. The presputtering time was ~30 min. The 
substrates were not intentionally heated during film deposition, and no subsequent 
postdeposition annealing process was performed.  
 
In order to obtain reproducible high-quality ITO films, it is necessary to carefully 
control the amount of hydrogen species to create a desired oxygen deficient environment. 
The hydrogen partial pressure was varied from 0-1.2×10-2 Pa in order to investigate the 
effect of hydrogen partial pressure on the optical, electrical and structural properties of 
ITO films. The rf power was kept constant at 100 W during the deposition. The film 
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3.2 Characterization of ITO films 
 
Different measurement techniques were utilized for the characterization of ITO 
films. In this section, the techniques of electrical, optical, mechanical, structural and 
compositional, and surface characterization were discussed. The film thickness was 
measured by a Tencor alpha-step 500 profilometer.  
 
3.2.1 Electrical characterization 
 
i)   Four-point probe 
 
 
















Fig. 3.2 Schematic diagram of four-point probe setup. 
 
The most commonly used method for measuring the sheet resistance is a four-
point probe. A schematic four-point probe setup is shown in Fig. 3.2, when the probes are 
placed on the surface of a material with semi-infinite volume, the resisitivity is given by: 
 







πρ  .                                                  (3.1) 
 
In the practical measurement setup, the distance between adjacent two probes is usually 





V πρ = .                                                                                                        (3.2) 
 
ii)   Hall effect  
 
Carrier concentration and mobility of ITO films prepared under different 
conditions were measured by Hall effect measurement using the van der Pauw technique.  
 
When a current passes through a slab of material in the presence of a transverse 
magnetic field, a small potential difference, known as the Hall voltage, is built in a 
direction perpendicular to both the current and magnetic field. Mathematically, it is given 
by: 
 
)/( tBIRV HH= ,                                                                                                 (3.3) 
 
where  is the Hall voltage, B is the magnetic field and I is the current through the 





)/( eHH NIrR = ,                                                                                                (3.4) 
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where  is the Hall scattering factor and is dependent on the geometry of the scattering 
surface at which the carriers are scattered. 
Hr
3.2.2 Optical characterization  
 
i)   UV-VIS-NIR spectrophotometer 
 
Wavelength-dependent optical transmission and absorption spectra were 
measured using UV-VIS-NIR scanning spectrophotometer (Shimadzu model UV-
3101PC) at wavelengths from 200 nm to 1000 nm with a step of 0.5 nm.  
 
Optical absorption spectrum of the plain substrate, in this case, the quartz 
substrate was taken as a background. The background spectra were used to remove the 
contribution from the substrate in order to get the net absorption in the films. The 
absorption coefficient, α, measured for ITO films deposited under different conditions 
was calculated. Any errors incurred in the values of uncertainty induced by this technique 
are much less than the errors in the thickness measurements which dominate the 
experimental errors. 
 
ii)   Variable angle spectroscopic ellipsometer (VASE) 
 
Ellipsometry is a very sensitive technique that uses polarized light to characterize 
thin films, surface and microstructure [1].  It measures the change in polarization state of 
light reflected from (or transmitted through) the surface of a sample. The combination of 
variable angle of incidence and spectroscopic measurements allows acquiring large 
amounts of data from a given sample. More importantly, the spectral acquisition range 
and angles of incidence may be optimized for the determination of certain sample 
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parameters such as a layer thickness or the optical constants of one of the films. As a 
result, the variable angle of incidence spectroscopic ellipsometer enables to study the 
structural and optical properties of thin film materials. 
 
 
                         
 
 Fig. 3.3 Variable angle spectroscopic ellipsometer. 
 
In this work, the optical constants and the film thickness of ITO films were 
measured using VASE. The ellipsometry measurements are normally expressed in terms 











sp tan)( δδρ ,                                                                       (3.5) 
 
where and are the complex Fresnel reflection coefficients of the sample for p- (in the 
plane of the incidence) and s- (perpendicular to the plane of incidence) polarized lights. 
Ellipsometry measurements were carried out at room temperature at four angles (55
pr sr
o, 60o, 
65o, and 70o), using a computer-controlled variable angle spectroscopic ellipsometer 
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(Woollam Company), as shown in Fig. 3.3. Data acquired at different angles were fitted 
simultaneously to minimize instrumental errors.  
3.2.3 Mechanical characterization 
 
The nano-indentation technique is now a widely used experimental approach to 
determine the elastic modulus and hardness of thin films. In the nano-indentation 
experiment, a sharp and rigid diamond indenter is driven continuously into a flat surface 
of a specimen by applying a mechanical force. The applied force (load) and the 
corresponding indentation depth (displacement) of the indenter into the sample surface 
are recorded continuously to generate the load-displacement curve for the measuring 
sample. The load-displacement curve shows the response of the material to the 
deformation under mechanical stress and can be used to determine the elastic modulus 
and hardness at the surface of the testing material. In principle, the traditional mechanical 
parameters of the materials such as elastic modulus (E) and hardness (H) can be 















PH = ,                               (3.7) 
 
where dP/dh is the slope of the indentation unloading curve at the maximum load,  is 









Fig. 3.4 Dynamic Nanomechanical probe. 
 
 
In this work, the elastic modules and the hardness of the ITO samples were measured 
by a nano-indenter (Nano-indenter XP, MTS Cooperation, USA) shown in Fig. 3.4, with 
continuous stiffness measurement (CSM) technique at a constant strain rate condition. In 
the CSM technique, an alternating force is superimposed to the nominal applied force. 
This oscillated force with known phase and amplitude interacts with the sample, which 
responds with a displacement phase and amplitude characteristic of the stiffness and 
damping of contact with the indenter. Therefore, the stiffness data along with load and 
displacement data were recorded. The hardness and elastic modulus can be calculated 
using the data points acquired during the indentation experiment. Hence, CSM allows 
hardness and modulus to be determined as functions of indentation penetration depth with 
a single indentation load/unload cycle. In the current study, this technique is therefore 
used to determine the hardness and elastic modulus as the function of indentation 
displacement penetrated into the ITO films. The maximum indentation displacement is 
set as 300 nm leading to a maximum indentation load of approximately 6 mN. The elastic 
modulus and hardness of the films are calculated using Eqs. (3.6) and (3.7). In the 
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following discussion, the elastic modulus and hardness of the ITO films are the average 
of 50 indents made on samples at the same maximum load. To determine the elastic 
modulus and hardness values of the ITO films, the results within a range of displacement 
are selected and will be presented in the next chapter.  
 
3.2.4 Structural and compositional characterization 
 
i)   Rutherford Backscattering Spectroscopy (RBS) 
 
RBS is used for measuring the depth distribution of elements within a micrometer 
or so of the surface of a sample. It is based on the elastic scattering of ions by the sample 
and is today a standard technique in the characterization of thin film materials.  
 
RBS was performed to determine the film density and measure the oxygen 
content for ITO thin films prepared under different deposition conditions. In order to 
measure the amount of oxygen present in the samples, proton 
backscattering measurements were carried out. A proton beam was chosen in this work in 
order to maximize the oxygen yield, which is low in the more common alpha-particle 
RBS. The measurements were carried out using a 2 MeV beam and a standard PIPS 
detector at an angle of 68 degree with respect to the beam in IBM geometry. The oxygen 
surface edges were shown as clearly visible steps in the spectra, and the relative oxygen 
amount was determined by a fit of the step height. Absolute oxygen concentrations could 
not be determined, because the scattering cross sections are not known with sufficient 
precision at this angle. The errors shown are purely statistical. 
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ii)   X-ray Photoelectron Spectroscopy (XPS) 
 
XPS is one of the most frequently used surface analysis techniques [2-4]. It offers 
information on the surface elemental composition, the chemical state of the elements and 
the electronic interaction between ions in samples. 
 
XPS measurements were employed to investigate the film composition of ITO 
and analyze the chemical binding states. All measurements were done using a VG 
ESCALAB 220i-XL instrument, as shown in Fig. 3.5, which is equipped with a 
hemispherical energy analyzer and a magnetic immersion lens (XL Lens) to maximize 
the sensitivity. All spectra were obtained in the constant pass energy mode with pass 
energy of 10 eV using monochromatic Al Kα source (1486.6 eV) at a photoelectron take-
off angle of 90o. The background pressure in the measurement chamber was normally at 
1.5×10-8 Pa. Quantitative results were calculated after Shirley-type background 
subtraction peak-fitting, using the software and its relative sensitivity factors which were 
supplied by the manufacture. 
 
                            
 
Fig. 3.5 VG ESCALAB 220i-XL instrument. 
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3.2.5 Surface characterization 
 
i)   Ultraviolet Photoelectron Spectroscopy (UPS) 
 
The work function measurements of ITO prepared at different hydrogen partial 
pressures in the sputtering ambient were carried out using UPS in VG ESCALAB 220i-
XL instrument. Electrical contact to the ITO surfaces was checked for good Ohmic 
contact along the fringes. Sample sputtering was performed by a sputter gun. Ar 
sputtering treatment was utilized to remove the contaminants on the ITO surface before 
UPS measurements. The ITO work function values were obtained directly from the 
spectra by fitting straight lines into the low kinetic energy cut-off and determining the 
intersection with the base line of the spectra. 
 
ii)   Atomic Force Microscopy (AFM) 
 
AFM gives a view on virtually any surface in near-atomic detail. It is based on the 
minute but detectable forces-order of magnitude nano Newtons between a sharp tip and 
atoms in the surface.  
 
The morphological features of ITO were evaluated by AFM. The measurements 
were performed with a tapping mode using triangle cantilevers at room temperature. All 
AFM images were taken on 1 µm × 1 µm areas under ambient conditions. Root-mean-
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3.3 Device fabrication and characterization 
 
The devices studied in this work have a configuration of glass/oxygen-deficient 
ITO/transparent ITO/NPB/Alq3/Ca/Ag. Glass substrates were subjected to a routine 
cleaning procedure and were exposed to Ar plasma for 10min, prior to loading to 
sputtering chamber. At a vacuum base pressure of 1.8×10-4 Pa, oxygen-deficient ITO 
(ODITO) layers were deposited on the substrates through shadow mask by rf magnetron 
sputtering at different hydrogen partial pressures in the sputtering ambient. The layer 
thickness was controlled at 130 nm and 300 nm, respectively, for different structures. 
Then a 130 nm thick transparent ITO overlayer was capped on the ODITO layer through 
the same shadow mask. Tris-(8-hydroxyquinoline) aluminum (Alq3) and N, N'-
di(naphthalene-1-yl)-N, N'-diphenylbenzidine (NPB) were employed as the electron-
transporting/emissive layer and hole-transporting layer, respectively, in OLEDs. Layers 
of NPB (60 nm)/Alq3 (75 nm)/Ca (10 nm)/Ag (150 nm) were sequentially deposited on 
the optical destructive anode (ODA) by thermal evaporation. A set of OLEDs made with 
ODAs had a configuration of ODITO/ITO/NPB/Alq3/Ca/Ag.  A control device with a 
configuration of ITO/NPB/Alq3/Ca/Ag was also made.  
 
Specular reflectance of OLEDs with different layer configurations was measured 
by UV-VIS-NIR scanning spectrophotometer (Shimadzu model UV-3101PC) over the 
wavelength range of 300-800 nm. The current-voltage-luminance (J-V-L) characteristic 
of OLEDs was acquired by a radiometer and a source meter. 
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3.4 Thin film admittance analysis 
 
3.4.1 Principle of admittance analysis 
 
From the optical point of view, an OLED structure can be considered as a multi-
layer thin film system composed of absorbing and non-absorbing materials. Therefore the 
optical properties and optimal structure of such a multi-layered device can be investigated 
by applying thin film optical analysis techniques. Based on the theory of thin film optics 
due to Macleod [5, 6] for analyzing optical admittance of thin films, both reflectance and 
























mmm iknN −=  
1+mN  
m 
Fig. 3.6 Schematic representation of an arbitrary multilayer thin film system. 
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Considering a model system of m layers as shown in Fig. 3.6, it has got m layers 
(j = 1, 2…, m), and m + 1 interfaces (l = 0, 1…, m). The refractive index of the lowest 
layer is denoted by Nm and that of the substrate by Nm+1. For applying the admittance 
analysis method to individual layers, calculations start from the lowest layer, and replace 
the (m-1)th and mth interfaces by a hypothetical interface with the effective optical 
admittance ym as shown in Fig. 3.6. In this way, the m-layered system becomes equivalent 
to (m-1)-layered system of thin films on a hypothetical substrate with an optical 
admittance ym. This enables us to calculate ym first. Having obtained ym, we then calculate 
ym-1  by taking the (m-1)th layer and the above hypothetical substrate with optical 
admittance ym as equivalent to single layer with optical admittance of ym-1 (Fig. 3.6). In 
this way, proceeding from the bottom layer, we continue our calculations of ym, ym-1 and 
so on until we have reached the top layer finally. Thus y1 is calculated considering the 
complete m-layer system with (m+1) interfaces as a single layer with an optical 
admittance of y1.   Accordingly for calculating the total absorbance of the top l layers in an 
m-layer system, it may be assumed that the top l layers are added on a hypothetical 
substrate with an optical admittance of yl+1.  Then the total transmittance, )(λLT , of these l 









)](1[)( λλ ,                                                                                   (3.8) 
 
where )(λR is the total front reflectance of m-layers thin film system shown in Fig. 3.6. 
The corresponding total absorbance of these l layers, )(λLA , can thus be obtained as: 
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)()(1)( 1 λλλ −−−= LL TRA .                                                                                (3.9) 
 
Defining )(λF  as the flux of the incident solar radiation, measured in Wm-2µm-1, 
the integrated normalized reflectance, R , transmittance ,T , and absorbance, A  , can also 




























.                                                                                         (3.12) 
 
It therefore becomes possible to optimize the thickness of the OLED structure 
through minimizing the integrated reflectance. An optimal structure was thus designed to 
sufficiently diminish the integrated reflectance of an OLED, while maintain the 
comparable device performance. 
 
3.4.2 Computer simulation  
 
The schematic flow chart of a computer program describing the procedure of the 
numerical calculation is shown in Fig. 3.7. The program was written in the computer 
language Fortran 77 [7]. Here the first effective optical admittance, yeff, of the multi-layer 
device is calculated as a function of the incident photon wavelength within a desired 
wavelength region, say from aλ to bλ . Having obtained yeff, the reflectance, )(λR , 
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transmittance, )(λT , and absorbance, )(λA , are calculated for various layer thickness. 
The corresponding optical parameters, the real part of refractive index, )(λn , and the 
extinction coefficient, )(λk of each layer were determined by VASE. The normalized 
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Fig. 3.7 Flow chart for the computation of optical properties of OLEDs. 
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CHAPTER 4 INVESTIGATION OF OXYGEN-DEFICENT ITO FILMS 
 
 
ITO thin films have been widely used as transparent conducting electrodes in 
many optoelectronic and electro-optic devices such as solar cells, flat panel displays and 
organic light-emitting devices (OLEDs) due to their unique optical transparency and 
electrical conductivity [1-3]. High performance ITO films are usually deposited at the 
high temperature over the range 250-400oC and/or required an annealing process [4]. The 
present OLED techniques employ rigid glass substrates, but flexible device structures are 
extremely promising for future applications. The use of thin plastic substrates will 
significantly reduce the weight of flat panel displays and provide the ability to bend a 
display into any desired shape. However, plastic substrates are usually not compatible to 
the high temperature plasma process, therefore the development of high quality ITO film 
at a low processing temperature is required and is practically important for various 
applications. A low temperature ITO is also essential for forming a semitransparent 
cathode in top-emitting OLEDs. The transparent OLEDs, high-resolution active matrix 
displays or microdisplays (near-to-eye or projection) fabricated on silicon or III-V 
semiconductors are also demanding non-invasive deposition of ITO films so as to avoid 
any deterioration of the plastic substrate or the underlying organic active stacks [4-8]. 
Among the different film deposition techniques, DC/rf magnetron sputtering [8-10], 
reactive thermal evaporation [11], plasma ion-assisted evaporation [12], pulsed laser 
deposition (PLD) [6, 7], magnetron sputtering and pulsed laser deposition are often used 
to produce ITO at a low processing temperature. Vaufrey et al [4, 5] reported to deposit 
ITO contact for an inverted OLED using rf magnetron sputtering at a low temperature. 
Kim et al [6, 7] obtained a low-temperature ITO film prepared by PLD for OLED 
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application. In order to achieve high performance ITO at a low temperature for OLED 
application, in this work, a low-temperature ITO deposition process was developed. This 
involved introducing hydrogen in the sputtering gas mixture during the film preparation. 
 
An optically transparent and electrically conductive high quality ITO film with 
correct stoichiometric composition is essential and has been investigated for different 
applications. However, there are few studies on the estimation of absolute oxygen 
concentration. In general, it is difficult to estimate the absolute oxygen concentration. 
Bellingham et al [13] studied oxygen content by means of electron probe microanalysis 
(EPMA) for In2O3 films. Honda et al [14-16] developed an 16O (α, α) 16O resonant 
backscattering methode to determine the oxygen content in the ITO films. However, the 
relation between the absolute oxygen concentration and the electrical and optical 
properties is not fully understood. Thus, to date, there have been few publications which 
mentioned the doping efficiency of the oxygen vacancies in ITO films.  
 
The scope of this work was to better understand the effect of hydrogen partial 
pressure in the sputtering gas mixture on the properties of low-temperature ITO films. 
ITO films were deposited on glass substrates by r.f magnetron sputtering system using an 
oxidized target with In2O3 and SnO2 in a weight proportion of 9:1. The film thickness 
was controlled by the deposition time and in this experiment it was fixed as 130 nm. The 
absolute oxygen concentration was measured by Rutherford backscattering spectroscopy 
(RBS). The correlations between the hydrogen partial pressure and the electrical, optical, 
mechanical, compositional and surface morphological properties of ITO films were 
investigated. The doping efficiency of oxygen vacancies, the optical band gap and the 
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work function of low-temperature ITO films as a function of hydrogen partial pressure 
used in the film deposition were also discussed. 
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Fig. 4.1 Dependence of resistivity (ρ), carrier mobility (µ) and concentration (N)
of ITO films as a function of hydrogen partial pressure. The variation of electrical properties with the hydrogen partial pressure was 
mined. Fig. 4.1 shows the dependence of film resistivity (ρ), carrier concentration (N) 
 Hall mobility (µ) on the hydrogen partial pressure in the gas mixture. The resistivity 
ITO films was observed to initially decrease with the hydrogen partial pressure and 
ch its minimum value of 3.16×10-4 Ω cm at an optimal hydrogen partial pressure of 
ut 2.0×10-3 Pa. A further increase in hydrogen partial pressure above the optimum 
ue was shown to increase the film resistivity.  The existence of optimum value of the 
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resistivity implies that the hydrogen partial pressure has a direct effect on the 
improvement of the electrical properties for low-temperature ITO films fabricated by rf 
magnetron sputtering.  
 







It can be 
partial 
tration and Hall mobility. It is formed that the change in carrier concentration is 
dominant. ITO is an n-type semiconductor as a result of oxygen vacancies and the 
presence of tin dopant which has a higher valence than indium. The generation of the n-
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l known that the oxygen content in ITO films is a critical factor 
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film resistivity. Conduction is partially a result of unfilled oxygen 
gh incorporation of oxygen into the film will result in few vacancies and 
lm. 
The carrier concentration increased initially with the hydrogen partial 
rably and above the optimal hydrogen partial pressure, the increase 
 the straight line representing the correlation of carrier concentration 
tial pressure became flat. The increase in the hydrogen partial pressure 
gen deficiency in films. The oxygen vacancies in the ITO films act as 
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doubly ionized donors and contribute ideally two electrons to electrical conduction, hence 
the carrier concentration increases initially with the increase of hydrogen partial pressure. 
It is known that free carriers in ITO are contributed by two principal donors: tetravalent 
tin substituting in the crystalline lattice for In and doubly charged oxygen vacancies. 
Vaufrey et al [5] reported that Sn doping in amorphous ITO films is probably much less 
efficient than in crystalline films and they proposed that the conductivity, in this case, is 
mainly contributed by oxygen vacancies. Therefore the initial increase of carrier 
concentration may be attributed to the increase of oxygen vacancies which acted as a 
donor. The further increase of hydrogen partial pressure above the optimal value resulted 
in a much less efficient increase of carrier concentration, which suggested that under this 
condition oxygen vacancies may become saturated and the films may seem difficult to be 
reduced.  
 
The Hall mobility is observed to decrease dramatically with the hydrogen partial 
pressur
Buchanan et al [17] proposed that the carrier concentration is determined by the 
oxygen vacancies and the carrier mobility is determined by the grain size effect in the 
e as shown in Fig. 4.1. The decrease of mobility may be due to the increase of 
oxygen vacancies, which leads to an increased disorder of ITO films and cause ionized 
impurity scattering. The increased grain boundary scattering resulting from the small 
grain size as the hydrogen partial pressure increase also correlated with a decrease in 
mobility. It can also be seen that with the hydrogen partial pressure increase the defects 
or impurities such as Sn2O, Sn2O4 and SnO, which behave as carrier traps rather than 
electron donors, may form.  
 
 - 60 - 
                                                                                                                          CHAPTER 4 
ITO fil










m. Following this assumption, it is expected that a higher carrier concentration can 
be achieved in ITO films made with comparatively high hydrogen partial pressure. And 
higher carrier mobility is usually for ITO films prepared at low hydrogen partial pressure. 
This is because the enhanced disorder of the films is resulted from the increase of the 
hydrogen partial pressure. As the two mechanisms cause opposite effects, the specific 
resistivity shows a minimum at a certain hydrogen partial pressure. The critical role of 
the hydrogen partial pressure can, thus, be explained as resulting from the conflicting 
requirements of introducing enough oxygen vacancies without creating too many grain 
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 Fig. 4.2 Optical transmittance of ITO films prepared at various hydrogen
partial pressures. - 61 - 
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Th
properties of the ITO films. The specular tr e films was measured using 
UV-VI
Fig. 4.2 shows the optical transmission of ITO as a function of the hydrogen 
partial pressure over the UV-visible wavelength range of 200-1000 nm.  Over the visible 
wavele
e hydrogen partial pressure also played a crucial role to determine the optical 
ansmittance of th
S-NIR spectrophotometer over the wavelength range of 200-1000 nm. Measured 
wavelength-dependent transmittance over the visible region was also used to estimate the 
optical energy band gap of the films. The real part of the refractive index and the 
extinction coefficient of the ITO films were determined by VASE using a lorentz 
oscillator model.  
 
ngth region, the ITO films show good transparency. A maximum transmission of 
about 90% is achieved at 550 nm. The visible transmittance of the films was reduced as 
more hydrogen species was added. It was argued that the oxygen deficiency in the ITO 
film would contribute to blackening of the film [18, 19]. Hence the blackening of the ITO 
film will be enhanced as more hydrogen gas is added and the transmittance decreases 
with the addition of hydrogen, as observed.  Kobayashi et al attributed the darkening of 
ITO to the presence of metal indium [20]. Wu and Chiou [21] and Matsuoka et al. [19] 
argued that the reduction of SnO2 in ITO films resulted in the blackening of ITO. Fan and 
Goodenough proposed that the formation of a second phase in the bulk of the films [22] 
was the cause of ITO darkening. While the mechanism for the blackening of ITO films is 
still unclear, the stoichiometry of the films seems to be an important factor in optical 
transparency, as well as in electrical conductivity.  
 
 - 62 - 
                                                                                                                          CHAPTER 4 
In addition to decreasing the visible transmission of the films, increasing the 
hydrogen partial pressure during the deposition resulted in a shift of the intrinsic 
absorption edge to a shorter wavelength as seen in Fig. 4.2. An oxygen-deficient film 
usually has a wide bandgap, resulting in a blue shift of the optical transmission spectrum. 
This shift is due to the increase in the carrier concentration, which shifts the Fermi level 
towards the conduction band and enhanced the magnitude of the Burstein-Moss effect. 
Thus, there is a necessary compromise between attaining high optical transparency and 
low electrical conductivity. 
 
For band gap studies, the dispersion of optical absorption coefficient α near band 
gap energy was evaluated. The value of the absorption coefficient is given by: 
 
)exp()1( dRT α−−= ,                                                                                         (4.3) 
 
here d is the film thickness. The absorption coefficient data were used to determine 
energy gap, , using the relation: 
 





2/1)( gEhh −≈ υυα
w  υh  is the photon energy and  is the direct optical band gap. The plot of 
versus photon energy gives information about the energy of the direct band gap of 
ITO films. The linear extrapolations of these curves towards the intersection with the x-
axis result in direct band gaps for ITO films prepared at different hydrogen partial 
pressures. It was observed that the direct optical band gaps of the ITO films increased 
from 3.90 to 4.09 eV with an increase in hydrogen partial pressure as shown in Fig. 4.3. 
gE
2α
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The variation was mainly due to the shift of the absorption edge in the transmittance 
spectrum near ultraviolet and visible wavelength regions. It was related to the change in 
the carrier concentration in ITO films that were prepared at different hydrogen partial 
pressures. This shift of the band gap with change in carrier concentration can be 
explained by the Burstein-Moss (B-M) shift. Assuming that both the conduction band and 
valence band are parabolic [Fermi wave number  ] and the B-M shift is the 
predominant effect, the band gap, which is the energy gap between the top of the valence 














ggg π∗− +=∇+= h ,                                                     (4.5) 
 
where  is the intrinsic band gap,  is the B-M shift, which is the increase due to 
the filling up of low lying energy levels in the conduction band and  is the reduced 













where  and  are effective mass of the carriers in the conduction band and valence 
band, respectively. It should be noted here that at very high carrier densities the electron-
electron and electron-impurity scattering could cause a band-gap narrowing [23, 24]. 
Considering both band-gap widening and narrowing effects, the effective band gap can 
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where represents self-energies due to the electron-electron and electron-impurity 
scattering [23, 24]. This effect causes the band-gap narrowing due to the downward shift 
of the conduction band and upward shift of the valence band. However, as shown in Fig. 
4.3, the band gap of the ITO films was found to be directly proportional to , showing 


























Fig. 4.3 shows a linear dependence of optical band gap on . The value of 
direct intrinsic band gap of about 3.72 eV was obtained by extrapolation of N to zero. 
This is in good agreement with the value of about 3.75 eV reported by Hamberg et al [25] 





0, which is consistent with values of between 0.46 and 0.65 m0 by previous groups [16, 















Fig. 4.3 Optical band gap as a function of charged carrier concentration in ITO films. 
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mixture during film deposition was to increase the number of the charged carriers in ITO 
films. As a consequence, the intrinsic absorption edge shifts towards shorter wavelengths 
and the corresponding increase in the optical band gap is attributed to an increase in 
carrier concentration. 
   
As discussed above, the transmission of the ITO films decreases as the hydrogen 
partial pressure increased during the film deposition, which implies that the density of the 
free electrons in the films increases. As film thicknesses of all samples under 
investigation are kept constant value of 130 nm, this shift in the T(λ) is due to a variation 
of the complex index of refraction of the ITO films fabricated at different hydrogen 
partial pressures in the sputtering ambient. To examine this behavior in more detail, the 
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 Fig. 4.4 Wavelength-dependent refractive index as a function of the 
hydrogen partial pressure. - 66 - 
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The optical properties vary systematically with changing the hydrogen content in 
the sputtering atmosphere. In Fig. 4.4, the wavelength-dependent refractive index 
gradually decreases with the hydrogen partial pressure. This variation with hydrogen 









Ne ,                                                                                                   (4.8) 
 
where εopt is the high-frequency permittivity, is the effective mass of the electron, N is 
the carrier density, and ω
*m
0 is the frequency of electromagnetic oscillations at which 
measurement were carried out (ω0=2πc/λ). From the previous discussion, for low 
temperature ITO, the free carrier concentration increased from 1.59 × 1020 cm-3 to 4.4 × 
1020 cm-3 for films prepared at the hydrogen partial pressure from 0-4.0×10-3 Pa. Hence 
the decrease of the wavelength-dependent refractive index of ITO films was associated 
with the increase of the free carrier concentration. This agreed with the Eq. (4.8) very 
well.   Before reaching the optimal hydrogen partial pressure, the dispersion curves of the 
refractive index decreased considerably with the hydrogen partial pressure, while above 
that condition the decrease is slightly unconspicuous. Since the oxygen vacancies nearly 
reached saturation beyond the optimal condition, the carrier concentration is no more 
sensitive to the hydrogen partial pressure. This is also consistent with the results based on 
Hall measurements discussed previously, which indicates that the carrier concentration is 
a dominant effect in determining the refractive index of the ITO films prepared in this 
work.  
 
The extinction coefficient is related to the absorption coefficient by the equation: 
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λ
πα k4= ,                                                                                                            (4.9) 
 
where α  is the absorption coefficient, k is the extinction coefficient and λ  is the 
wavelength in vacuum. Fig. 4.5 shows the wavelength-dependent extinction coefficient 
of ITO films as a function of the hydrogen partial pressure. The dispersion curves of the 
extinction coefficient shifted upwards with the hydrogen partial pressure. According to 
Eq. (4.9), the absorption coefficient increased correspondingly, hence a decrease in 
transparency, which was in good agreement with the results observed in Fig. 4.2.  It is 
revealed that the refractive index and extinction coefficient of ITO films are strongly 
dependent on the hydrogen partial pressure in the sputtering gas mixture during film 
deposition. 
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 Fig. 4.5 Wavelength-dependent extinction coefficient as a function 
of the hydrogen partial pressure. - 68 - 
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4.3 Mechanical properties 
 
4.3.1 Elastic modulus and hardness of ITO films 
 
The elastic modulus and hardness of a material are very important properties 
which result from a complicated interaction of deformation mechanism in the material. 
Microhardness testing can be defined as indentation hardness testing which involves 
forcing a diamond intenter of specific geometry into the surface of the test material. 
Nano-indentation technique is used to determine the elastic modulus and hardness of ITO 
films with CSM option. Following the analysis method proposed by Oliver and Pharr 
[28], the values of the elastic modulus and hardness of ITO films can be derived from the 
load-displacement data from the nano-indentation experiments. When measuring the 
hardness of a coating with film thickness less than 1mm, the effect of the substrate cannot 
be neglected. The nano-indentation results are strongly affected by the properties of 
substrates since the thickness of the ITO film is only approximately 280 nm. To avoid 
substrate effect, the general accepted rule is that the indentation depth should be less than 
1/10 of the film thickness. In this experiment, since the maximum depth of the 
indentation displacement on all samples are set to be 300 nm, therefore the elastic 
modulus and hardness of the films measured by nano-indentation within this range have 
been already affected by the properties of the glass substrate. However, the CSM 
technique can be used to reveal the elastic modulus and hardness of the films as the 
function of indentation penetration depth into the sample surface, therefore there will be a 
range of indentation depth without inference of substrate during the experiments. 
Following previous nano-indentation work on thin films [29-31], the region can be 
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identified where the measured mechanical property is mainly dominated by ITO films 
without the substrate effect. This is to ensure to get a reliable film property and avoid the 
substrate effect during the analysis of nano-indentation measurements. In this experiment, 
the results show that such region is within an indentation depth of 10-30 nm. The average 
values of elastic modulus and hardness for ITO films are then determined using the 
measured results over the indentation penetration depth of 10-30 nm. 
 
The typical nano-indentation load-displacement curve of ITO film is shown in 
Fig. 4.6 (a), which represents the typical indentation behavior of oxide ceramic materials. 
The results have important implication on the discussion relating the film density (or 
porosity) to the measured elastic modulus which will be presented in the next section. 
Fig. 4.6 (b) shows the elastic modulus of ITO films as a function of indentation depth 
showing the effects of glass substrate to the film properties. Therefore, the values of the 
elastic modulus and hardness measured by nano-indentation in a whole indentation 
load/unload cycle is a “composite” values including the glass substrate effect. From the 
CSM results given in Fig. 4.6 (b), it is clear that the “composite” elastic modulus of ITO 
films decreases gradually as the indentation penetrated through the film. As the depth of 
indentation increases, the measured “composite” elastic modulus is gradually approach to 
that of the glass substrates. 
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 Fig. 4.6 (a) Typical nano-indentation load-displacement curve of ITO film deposited
on glass substrate. (b) Elastic modulus of ITO films as a function of indentation 
depth showing the effect of the glass substrate on the film properties measured by 
nano-indentation. - 71 - 
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4.3.2 Effect of hydrogen partial pressure on the elastic modulus and hardness of 
ITO films 
 
Fig. 4.7 shows the elastic modulus of ITO films, prepared on glass substrates, as a 
function of hydrogen partial pressure. It can be seen that the elastic modulus decreased 
with the hydrogen partial pressure from the initial 155.2 GPa to 146.3 GPa. This indicates 
that the hydrogen partial pressure used during the film deposition affects not only the 
electrical and optical properties of ITO films as discussed previously, but mechanical 
properties of the films as well. 
 





































 Fig. 4.7 Variation of the elastic modulus of different ITO films on glass 
substrate with hydrogen partial pressure in the sputtering gas mixture.  
 
 
In general, ITO has many similarities with ceramic materials in their mechanical 
properties, which has also been indicated by the indentation behavior shown in Fig. 4.6. 
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Thereby, it is reasonable to take the factors that affect the elastic modulus of ceramic 
materials into consideration. For ceramic materials, it is known that the elastic modulus is 
a function of the porosity of the materials. A porous ceramic represents the limiting case 
of a two-phase material, in which one phase has zero stiffness. Therefore, the elastic 
modulus of a ceramic material with certain porosity will be lower than that of a fully-
dense material. In general, the elastic modulus decreases with increasing porosity but its 
rate becomes less as the porosity increases [32-35]. It has been suggested that the relative 
elastic modulus, the ratio of the elastic modulus (E) at a porosity P to its value (E0) at 






,                 (4.10) 
 
here b is an empirical constant depending on the materials. The typical value for oxide 
ceramics with the porosity range of 0 – 40% is about 4.0. Having the constant value, b=4, 
in Eq. (4.10), the relative change of the porosity in ITO films prepared at different 
hydrogen partial pressures can be estimated based on the measured elastic modulus. To 
simplify the analysis, it is assumed that porosity P=0 at the maximum elastic modulus, 
then the relative porosity (P) at any elastic modulus (E) can be estimated by using Eq. 
(4.10). In this case, the maximum elastic modulus of 155.2 GPa was achieved for films 
prepared without hydrogen, and a minimum elastic modulus of 146.3 GPa was obtained 
for films deposited at the hydrogen partial pressure of 4.0×10-3Pa.  Using Eq. (4.10), the 
porosity of ITO thin films can be calculated to increase approximately 1.4%, or the 
density of ITO thin films decreased approximately 1.4% by varying hydrogen partial 
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pressure from 0 to 4.0×10-3Pa. Although the exact change of the film density of the ITO 
film prepared at different hydrogen partial pressure needs further investigation, the nano-
indentation result enables to estimate the correlation between the relative density (or 
porosity) of ITO films and its deposition conditions.  
  









































 Fig. 4.8 Hardness of ITO films on glass substrates as a function of 
hydrogen partial pressure in the sputtering ambient. . 4.8 gives the hardness of ITO films as a function of the hydrogen partial 
 the sputtering gas mixture. The film hardness seems to decrease gradually 
GPa to 10.7 GPa as the hydrogen partial pressure increases from zero to 
. Apparently, this trend is similar with that of the elastic modulus. The increase 
rogen species in the sputtering gas mixture leads to an increase in oxygen 
s described previously. This may affect the film hardness. The addition of the 
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hydrogen also enhances the disorder of the films. It is believed that the enhanced disorder 
of film prepared at higher hydrogen partial pressure decreases the film hardness.  
 










































Fig. 4.9 A typical RBS spectrum of ITO film on glass substrate. 
 
 
RBS was carried out to estimate the film density and determine the oxygen 
content in ITO films deposited at different hydrogen partial pressures. In order to 
measure the amount of oxygen present in the samples, proton 
backscattering measurements were performed. A proton beam was chosen in this work in 
order to maximize the oxygen yield, which is low in the more common alpha-particle 
RBS. Fig. 4.9 shows a typical RBS spectrum of ITO on glass substrate. Since In and Sn 
have similar atomic mass, it is difficult to differentiate these peaks, which resulted in a 
composite peak as seen in Fig. 4.9. The composition of each element can be determined 
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by the representative peak intensity. The width of the peaks denotes the film thickness of 
ITO. In order to obtain quantitative results from a RBS spectrum, the experimental data is 
fitted by comparison with a theoretical spectrum. The oxygen surface edge is shown as 
clearly visible step in the spectra (seen in Fig. 4.9), and the relative oxygen amount can 
be determined by fitting the step height. Absolute oxygen concentrations could not be 
determined, because the scattering cross sections are not known with sufficient precision 
at this angle.  
 













































 Fig. 4.10 Oxygen content in ITO films measured by RBS, 
as a function of hydrogen partial pressure.  shows the oxygen content plotted against the hydrogen partial pressure. 
elation indicates that the deficiency of oxygen is due to the increase of 
l pressure in the sputtering gas composition and ITO films became 
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reduced, thus, more oxygen vacancies were created. The initial decrease of the oxygen 
content is probably because the reductive hydrogen gas removed the weakly bonded 
oxygen atoms in ITO films, creating a lot of oxygen vacancies which act as the electron 
generators. Above the optimal hydrogen partial pressure, only a small decrease of the 
oxygen content is observed, as discussed previously, which may be owing to the 
saturation of the oxygen vacancies. This is in good agreement with the measured carrier 
concentration.  
 
The doping efficiency is discussed here using the oxygen vacancy model. As the 
ITO film is a degenerate semiconductor, the Fermi level overlaps with the bottom of 
conduction band. As a result, one oxygen vacancy will ideally produce two free electrons. 
The effect of tin atoms on the variation of carrier concentration can be neglected because 
a nearly constant tin content was obtained by RBS. The correlation between the absolute 
oxygen concentration and the carrier concentration for ITO films is shown in Fig. 4.11. 
From the result of Fig. 4.11, the doping efficiency was estimated as 0.06, which is in 
good accordance with the value of 0.089 for ITO films deposited at 300 oC reported by 
Honda et al. [16] and 0.1 for amorphous indium oxide obtained by Bellingham et al. [13]. 
This is perhaps not surprising in an amorphous material, where there will be a variety of 
local atomic environments immediately surrounding the oxygen vacancies. Honda et al. 
[16] claimed that if the oxygen vacancy model was correct, the ITO films should have 
two types of oxygen deficiencies, one is an oxygen deficiency while maintaining the 
In2O3 bixbyite structure and the other is an oxygen deficiency with deformation of In2O3 
lattice. In their case, the ITO films contained largely the latter oxygen vacancies. For 
amorphous ITO films, the results clearly reveal that the doping mechanism is somewhat 
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more complex than the standard model, indicating that the crystallinity of the films 
largely affects the doping efficiency of oxygen vacancies. 
 





























































 Fig. 4.11 Measured carrier concentration as a function of the absolute 
oxygen concentration in the films. rk function 
The work function of ITO films was measured using ultraviolet photoelectron 
scopy (UPS). The ITO-coated glass substrates were cleaned by argon sputtering 
 the UPS measurements. The work function was calculated by the kinetic energy 
in UPS spectrum. It should be noted that the cut-off feature is formed by 
cally scattered photoelectrons, i.e. the excitation energy has no significant 
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influence on the cut-off position. Therefore, the location of the cut-off is only determined 
by the sample work function. 
 



















The correlation between the work function of ITO films and the hydrogen partial 
pressure used in the film deposition is depicted in Fig. 4.12. The work function of ITO 
film is found to decrease from 4.8 eV to 4.55 eV as the hydrogen partial pressure 
increased  from 0 to 3.25 × 10-3 Pa. 
 
The addition of hydrogen species in the film deposition induced an increase of the 
free carriers in the ITO films, which was confirmed by Hall effect measurements. The 
increase in the charge carrier concentration resulted in a Fermi level shift towards the 















Fig. 4.12 The work function measured for ITO films prepared 
at different hydrogen partial pressures. 
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It is interesting to note that an in-situ Ar plasma treated ITO yielded a much 
higher work function than that of an ex-situ Ar plasma treated film [36]. It appears, 
supported by the defined valence bands shape and the well-developed valley between the 
high binding energy cut-off and the valence bands reported by Ding et al [36], that the in-
situ Ar plasma cleaning procedure probably largely removed the ambient contamination. 
UV radiation provided by UPS measurements induced change occurred only in presence 
of environmental contaminants (water, CO, CO2, hydrocarbons). The reason for the work 
function change might be a chemical modification of the surface induced by the UV 
radiation resulting in a surface dipole.  
 
4.6 Surface morphology 
 
The surface morphology of ITO films on glass substrates prepared under different 
conditions in film growth was studied via AFM to investigate the influence of the 
hydrogen partial pressure. Fig. 4.13 shows both the top view and the perspective view 
AFM images of ITO films deposited at different hydrogen partial pressures: (a) 0; (b) 
1.1×10-3Pa; (c) 2.0×10-3Pa; (d) 2.6×10-3Pa and (e) 4.0×10-3Pa. The ITO films have evenly 
covered the glass substrates, showing a pretty smooth surface. However, it was found that 
the film became porous and had many pinholes on the surface as more hydrogen gas was 
added in the sputtering gas mixture, particularly observed in ITO film prepared under 
hydrogen partial pressure of 4.0×10-3Pa. The slightly inhomogeneous brightness was 
observed on ITO surface as shown in Fig. 4.13 (e).  
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                           (c) 
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                           (d) 
 
                           (e) 
 
 
 Fig. 4.13 AFM images measured for ITO films prepared at different  hydrogen partial 






Surface root mean square (rms) roughness was determined by AFM. As the 
thickness of ITO films were maintained constant at 130 nm, surface roughness difference 
due to thickness variation can be negligible. The surface roughness as a function of the 
hydrogen partial pressures was illustrated in Fig. 4.14. It shows an initial decrease of 
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surface roughness in the case of hydrogen partial pressure of 1.1×10-3Pa. This is probably 
due to the presence of small amount of hydrogen species which helped produce a much 
smoother ITO surface. A further increase of the surface roughness was observed with 
increasing of the hydrogen partial pressure. As more hydrogen gas was introduced during 
the low temperature deposition process, the reactive hydrogen species removed oxygen 
atoms in ITO films, leaving a mass of oxygen vacancies, and thus the ITO films became 
porous. However, the mechanism behind this phenomenon still remains unclear. Further 
investigations related to the effect of the hydrogen partial pressure on the ITO surface 
morphology are required.  
 
 















































 Hydrogen partial pressure (10 Pa)
Fig. 4.14 The variation of ITO surface roughness as a function of  
the hydrogen partial pressure. - 83 - 
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4.7 Conclusion 
 
Low-temperature ITO films have been deposited on glass substrate by the rf 
magnetron sputtering method using hydrogen-argon gas mixture. The electrical, optical, 
mechanical, morphological and surface electronic properties of ITO films have been 
investigated as a function of hydrogen partial pressure in the sputtering gas mixture. An 
optimal ITO film has been obtained with a minimum resisitivity of 3.16×10-4 Ω cm and a  
maximum transmission of 87% over the visible wavelength range at the hydrogen partial 
pressure of 2.0×10-3 Pa. The conductivity of ITO films was found to vary with the 
hydrogen partial pressure in the sputtering ambient. The initial increase of the 
conductivity is mainly attributed to an increase in the carrier concentration, which was 
induced due to the use of hydrogen-argon mixture during the film deposition. However, a 
further increase in hydrogen partial pressure was found to cause a disorder of ITO films, 
leading to an increase in the grain boundary scattering, and a decrease in charge carrier 
mobility, hence a considerable reduction in the film conductivity.  
 
The optical band gap widened with an increase in carrier concentration. This band 
gap widening is well explained by Burstein-Moss theory. The variation of the work 
function and the refractive index was attributed to the change of the carrier concentration. 
As more hydrogen species was added in the gas mixture, the free electron density 
increased, leading to an increase of the work function and a decrease in refractive index. 
The hydrogen partial pressure was also found to affect the hardness and elastic modulus 
and modify the surface morphology of the ITO films. 
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The doping efficiency of oxygen vacancies, the intrinsic optical band gap and the 
reduced effective mass were estimated. The doping efficiency, about 0.06, shows that the 
conventional picture of two electrons per oxygen vacancies cannot be directly applied to 
these films and it is closely related to the crystallinity of the films. The intrinsic optical 
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CHAPTER 5 APPLICTION OF HIGHLY OXYGEN-DEFICIENT ITO FILMS 
 
 
In a conventional structure of the organic light emitting devices (OLEDs), OLEDs 
have an organic layer (or layers) sandwiched between a transparent anode and the 
cathode. The metallic cathode is typically used [1-3] and has a high reflection of the 
ambient light. If the devices are made on transparent substrates, including rigid glass or 
clear flexible plastic foils, devices with this configuration are usually very reflective. As 
such, the contrast of the devices is very low and the visual image of the above OLEDs is 
poorly legible. In many practical applications, especially in bright ambient condition, the 
visual contrast may be more important than the brightness of image. Therefore, a 
sufficient reduction in the reflection of ambient light from OLEDs is a prerequisite for a 
high contrast OLED display.  
 
Much effort has been focused on developing OLEDs with low reflectivity under 
the ambient light. A well-known approach to reduce the glare and boost the contrast is the 
use of the circular polarizers bonded to the outside surface of the devices. However, 
besides adding extra cost, it is not an integral part of an OLED structure and an additional 
bonding step incompatible with the OLED fabrication process is required. Other 
approaches to increase display contrast that have recently been proposed mainly focus on 
the cathode modification. Hung et al constructed a low-reflection OLED by interposing 
an optically absorbing and electrically conducting interlayer of CaB6 and ZnO1-x between 
an organic stack and a highly reflective Al overlayer [4]. Krasnov developed a similar 
structure by co-evaporating Al and SiO as an alternative absorbing layer [5]. However, 
these approaches require tightly controlled deposition parameters and any deviation from 
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an optimum composition may considerably affect the optical interference and face 
operational stability problems, particularly in the case of ZnO1-x. A low reflectivity 
cathode, incorporating an optical light-absorbing carbon layer between a thin 
semitransparent layer of Mg and a top Al layer, was demonstrated by Renault et al [6], 
which shows promise for contrast enhancement in OLEDs. However, no increase of 
contrast over the standard device is evident from their low reflectivity device. Luxell 
Technologies Inc. disclosed a contrast-enhancing stack (CES) layer with a combination 
of an ultrathin semitransparent metal layer, a phase-changing layer of transparent 
conducting oxide and a thick layer of a reflective metal [7]. It is a destructive-optical-
interference filter incorporated between the opaque electrode and the organic stack.  Aziz 
et al developed a reduced-reflectance cathode incorporating a conductive light-absorbing 
metal-organic mixed layer made by co-evaporation of tris-(8-hydroxyquinoline) 
aluminum (Alq3) and Ag [8, 9]. However, these approaches involved aggressive 
deposition techniques or required stringent deposition conditions. Xie et al recently 
reported a low-reflection cathode consisting of Sm, Alq3 and Al layers used as 
semitransparent cathode layer, phase-changing layer and reflective layer, respectively 
[10]. Nevertheless, in the devices with multilayer cathode, the intrinsic mechanical stress 
may cause films either crack or peel off the underlying organic stack. In spite of the 
various investigations of the black cathode in order to enhance the display contrast, so 
far, there have been no published reports which address a novel anode for high-contrast 
OLEDs. 
 
An optical destructive anode was developed, in this work, with an optically 
absorbing and electrically conducting oxygen-deficient ITO layer capped by a transparent 
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ITO layer. Devices utilizing the novel anode exhibit enhanced contrast even in high 
ambient illumination. It can be easily fabricated and no manufacturing complexity, 
limitation of flexibility, invasive deposition process and demanding deposition 
requirements are involved. It demonstrates superior characteristics with good 
reproducibility. Results from optical reflectance measurements and device performance 
tests of various OLEDs with optical destructive anode are discussed in this chapter. 
 
ITO is transparent and highly conductive when the oxide has a stoichiometric 
composition, however, it becomes absorbing and resistive when being processed in an 
oxygen-deficient ambient. In this chapter, the results on the characterization of the highly 
oxygen-deficient ITO will be presented as well. The composition and chemical binding 
state of the conductive light-absorbing ITO layers were investigated by RBS and XPS. 
The electrical and optical properties were explored using the method described in Chapter 
4. 
 
The reduction of the reflectance caused by the optical destructive anode was 
further investigated by computer simulation using admittance analysis. It exhibits good 
agreement with measured specular reflectance of the devices. Further optimization of the 
device structure can be achieved by the prediction of computer simulation. 
 
5.1 Characterization of highly oxygen-deficient ITO films 
 
Much effort has been focused on developing black cathode for enhancing the 
visual contrast of OLED displays. An optical destructive anode is an attractive solution to 
the problem of poor contrast in OLEDs. It is able to reduce the ambient reflection, and 
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the process of the destructive anode does not affect the subsequent device fabrication, 
which is a concern for a black cathode in OLED. Usually the deposition of black cathode 
could damage the underlying organic layers. This contrast-enhancing feature is 
particularly important for daylight readable applications. It is reported that oxide films 
processed under an oxygen-deficient ambient at a low processing temperature are optical-
absorbing and somewhat conductive. Considering this, oxygen-deficient ITO is a suitable 
material for this purpose as it combines excellent properties with respect to high visible 
absorption and good conductivity. In this research, a semitransparent oxygen-deficient 
ITO film has been developed for high-contrast OLEDs.  A series of ITO films with the 
hydrogen partial pressure range of 0-2.3×10-2 Pa were prepared by rf magnetron 
sputtering at a low processing temperature. The electrical and optical properties of 
semitransparent destructive anode, made with oxygen-deficient ITO, were optimized for 
a high contrast OLED. 
  
5.1.1 Electrical properties 
 
The resistivity of the ITO films prepared in an oxygen-deficient ambient was 
obtained using a known film thickness and sheet resistance measured by four point probe 
technique. Fig. 5.1 shows the variation of the resistivity as a function of the hydrogen 
partial pressure in the sputtering gas mixture. A significant increase in the resistivity was 
initially observed when the hydrogen partial pressure increased from 0 to 1.3×10-2 Pa. 
The initial increase in the resisitivity is probably due to the reduction of SnO2 or the 
formation of a second phase in the bulk of the films. The increase in the resistivity is 
mainly attributed to the reduction of carrier concentration. The resisitivity of ITO films 
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dramatically decreased when a higher hydrogen partial pressure was used. The drop in 
the film resistivity may be attributed to the presence of metal indium interstitials that 
were reduced from the ITO films by reactive hydrogen species. Under this condition, the 
electrical conductivity of the highly reduced-ITO films was of certain similarity to that of 
































 Fig. 5.1 Variation of the electrical resistivity with the hydrogen 
partial pressure in the sputtering ambient.  
 
 
The resistivity of ITO films that were prepared in an oxygen-deficient ambient 
was found to be in the range of 102-103 Ω cm as shown in Fig. 5.1. This may be related to 
the two- and three-dimensional hopping conductivity in the amorphous material. The 
results are consistent with the reports in the literature that oxide films prepared at low 
temperatures and low oxygen partial pressure are somewhat conductive [11]. 
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Considering the low electrical resistivity of ITO films, the regions of the 
hydrogen partial pressure below 7.5×10-2 Pa and above 17×10-2 Pa are preferred. 
However, above the hydrogen partial pressure of 13×10-2 Pa, the ITO films are not 
chemically stable in ambient environment. This aside, the films have poor adhesion to the 
glass substrates and they are easily peeled off. This is incompatible with the requirements 
of OLED application.  
 
A high oxygen-deficient ITO film usually has a very low work function, as such, 
it may not be ready or immediately suitable as an anode for OLED. Therefore, a 
tansparent ITO overlayer is essential to improve the hole injection. The interface was 
modified by interposing a transparent ITO layer between oxygen-deficient ITO and 
organic stacks, hence an effective hole injector was formed.  
 
5.1.2 Optical properties 
 
Fig. 5.2 exhibits the transmittance of as-deposited ITO films prepared under 
various hydrogen partial pressures measured by UV-VIS-NIR spectrophotometer. The 
visible transmittance of the films was reduced as more hydrogen species was added. In 
previous work, it was argued that the oxygen deficiency in the ITO films would 
contribute to blackening of the ITO films. Therefore, the absorption of ITO films will be 
enhanced as more hydrogen species are added and the transmittance of the ITO films 
decreased with the addition of the hydrogen species, as observed. 
 
Although high transmittance is desired for conventional OLED application, a 
composite optical destructive anode with semitransparent ITO layer helps to reduce the 
 - 94 - 
                                    CHAPTER 5 
 
ambient reflection from the mirror-like rear metallic cathode and hence enables to 
enhance the visual contrast of OLED displays. As discussed previously, highly oxygen-
deficient ITO films are considerably resistive, and a transparent ITO capping layer is 
essential to form a multi-layer optical destructive anode for high-contrast as well as for 
effective hole injection. The OLEDs made with optical destructive anode (ODA) have the 
identical device structure in comparison with the control one, therefore the reduction in 
the total reflectance is mainly due to the absorption in ODA layer. Fig. 5.2 illustrates the 
transmittance of a set of oxygen-deficient ITO films, 130 nm thick, as a function of the 
hydrogen partial pressure. Based on the experimental data shown in Fig. 5.2, the ITO 
films deposited at the hydrogen partial pressure range of 5.5-13×10-3Pa are well reaching 
the requirements of obtaining a high light-absorbance and good chemical stability.  
 









































Fig. 5.2 Transmittance of ITO films prepared at various hydrogen
partial pressures. - 95 - 
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5.1.3 Compositional analysis 
 
i) RBS measurement 
 
The effect of the hydrogen partial pressure on the composition of ITO films was 
investigated by RBS. Given that the ratio of In to Sn remains constant, the composition of 




































Fig. 5.3 RBS spectra of ITO films prepared at different hydrogen 




The RBS spectra measured for ITO films prepared at different hydrogen partial 
pressures are displayed in Fig. 5.3. The energy of the backscattered 4He+ ions, at a given 
angle, depends on the energy lost due to the transfer of momentum to a target atom via a 
collision and the energy lost during transmission through the sample materials both 
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before and after scattering [12]. Thus, the low-energy edge of the combined peak of In 
and Sn corresponds to backscattering from the interface of ITO and glass substrate and 
the energy width provides a measure of the depth of the layer. Almost identical 
thicknesses of ITO films were observed from RBS spectra shown in Fig. 5.3. The 
measured spectra also showed a fairly uniform depth profile of In, Sn and O. 
 
The relative oxygen amount was determined by a fit of the step height of oxygen 
peak in RBS spectra as shown in Fig. 5.3. Absolute oxygen concentrations could not be 
determined, because the scattering cross sections are not known with sufficient precision 
at this angle. Table 5.1 gives the composition of the ITO films deposited at various 
hydrogen partial pressures. A deficiency of oxygen was observed as the hydrogen partial 
pressure increased, which associated with the blackening of the ITO films. The ITO films 
prepared in this work, looks brownish and opaque.  
 
                Table 5.1 The compositions of ITO films measured by RBS 
 
Sample No. PH2 (×10-3Pa) Oxygen content (%) Film composition 
Ref 0 63.3 In4.9Sn0.5O9.3
1 7.5 61.2 In4.9Sn0.5O8.5
2 9.75 60.5 In4.9Sn0.5O8.3
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ii) XPS measurement 
 
X-ray photoelectron spectroscopy measurements were carried out to determine 
the film composition and differentiate the chemical binding states in films. The positions 
of all XPS peaks were calibrated using C 1s with a binding energy Eb = 284.6 eV. The In 
3d, Sn 3d5/2 and O 1s spectra of as-deposited and Ar+-sputtered ITO films prepared at 
different hydrogen partial pressures are shown subsequently. 







































 Fig. 5.4 In 3d XPS spectra of as-deposited ITO films prepared at
different hydrogen partial pressures. hown in Figs. 5.4 and 5.5, the binding energies of the In 3d5/2 and In 3d3/2 are 
51.9 eV respectively for both as-deposited and Ar+-sputtered ITO films. No 
 difference is observed between ITO films prepared at different hydrogen 
sures. ITO is n-type oxide semiconductor due to the nature of oxygen 
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vacancies and the presence of tin dopant which has a higher valence than indium. Since 
the extra electronic charge in the ITO films is trapped only at Vo (oxygen vacancies) and 
Sn centers, the In 3d3/2 and In 3d5/2 peaks should be insensitive to the loss of oxygen and 
to the Sn concentration [13]. It is reported in the literature [14] that the In 3d peak for 
metallic indium is observed at energies 0.4-1.4 eV lower than that for In2O3. There is 
some asymmetry of the peaks, indicating that a multiple component may be present. 
Nelson and Aharoni [15] reported that the XPS In 3d5/2 peak can be resolved into two 
peaks which are separated by approximately 1.0 eV. The positions of the two resolved 
peaks in the In 3d5/2 spectra are located at 443.7 and 444.6 eV. They suggested that the 
lower-energy peak, located at 443.7 eV, corresponded to the In0 binding state, 
specifically In-In bonds. The higher-energy peak, located at 444.6 eV, corresponded to 
the In3+ bonding state, specifically In2O3.  































Fig. 5.5 In 3d XPS spectra of Ar+-sputtered ITO films prepared at 
different hydrogen partial pressures. - 99 - 
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observed as Fig. 5.6 Sn 3d5/2 XPS spectra of as-deposited ITO films prepared 
at various hydrogen partial pressures. - 100 - 
 5.6 and 5.7 show the Sn 3d5/2 spectra for as-deposited and Ar+-sputtered ITO 
ed at various hydrogen partial pressures in the sputtering ambient. The Sn 
oth kinds of ITO films had a composite structure that could be resolved into 
O. The positions of the two resolved peaks in Sn 3d5/2 spectra are located at 
6.2 eV, corresponding to the Sn4+ and Sn2+ binding states, respectively. As 
gs. 5.6 and 5.7, a significant increase of the peak ratio of Sn2+ to Sn4+ was 
more hydrogen species was added in the sputtering ambient. The atomic 
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ratios of Sn2+ and Sn4+were summarized in Table 5.2 and 5.3 for as- deposited and Ar+-
sputtered ITO films respectively.  The results are well consisted with the argument of Wu 
and Chiou [16] and Matsuoka et al [17] that the reduction of SnO2 in ITO films resulted 
in the blackening of ITO. Fan and Goodenough [13] reported that the Sn 3d peak for 
metallic tin was observed at the energy 1.8 eV lower than the Sn4+ 3d peak. However, no 
evidence for the state of metallic tin exists in the present work. 
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 Fig. 5.7 Sn 3d5/2 XPS spectra of Ar+-sputtered ITO films prepared at 
various hydrogen partial pressures. - 101 - 
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oxygen 1s p
 Fig. 5.8 O 1s XPS spectra of as-deposited ITO films prepared at 
various hydrogen partial pressures. .8 and 5.9 show the XPS O 1s spectra measured for as-deposited and Ar+-
 films prepared at different hydrogen partial pressures. A shoulder appeared 
ergy side of the main peak for the O 1s spectra for as-deposited ITO films 
owed to distinguish between a peak located at around 531.5 eV (referred to 
eak around 529.9 eV (referred to as OII). The corresponding deconvoluted 
oted by dot curves as shown in Fig. 5.8. The resolution procedure for the 
eak used two Gaussian functions with variable positions, widths and 
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intensities. Table 5.2 summarizes the corresponding results. The relative strengths were 
obtained by comparing the integrated areas of the OI   and OII peaks.  
 































Fig. 5.9 O 1s XPS spectra of Ar+-sputtered ITO films prepared at various 




It has been suggested that the O 1s  peak located at ~530.0 eV corresponded to 
O2- ions which have neighboring In atoms with their full complement of six nearest-
neighbor O2- ions, and the peak located at a higher energy of ~532 eV corresponded to 
O2- ions in an oxygen-deficient region [13, 18]. Since the shoulder on the high-energy 
side of the main peak disappeared and fairly symmetry peaks were observed after Ar+ 
sputtering, the high-energy peaks located at 531.5 eV were probably associated with the 
surface contamination in this case. The oxygen peak, thus, can be decomposed in two 
contributions. The main one situated at 529.9 eV can be attributed to In2O3, while the 
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other situated at 531.5 eV could be attributed to surface contamination. After etching by 
Ar+ sputtering, the first peak remained stable, while the other one decreased strongly or 
even completely disappeared. 
 
Table 5.2 Elemental concentration of as-deposited ITO films prepared  




pressure (x10-3 Pa) Atomic concentration (%) Sn2+/Sn4+
  In Sn2+ Sn4+ O  
Ref 0 32.8 1.8 1.7 63.7 1.10 
1 7.5 34.0 2.3 1.1 62.6 2.04 
2 9.75 35.9 2.3 1.0 60.8 2.17 
 
Table 5.3 Elemental concentration of Ar+-sputtered ITO films prepared  




pressure (x10-3 Pa) Atomic concentration (%) Sn2+/Sn4+
  In Sn2+ Sn4+ O  
Ref 0 33.1 2.2 1.4 63.3 1.57 
1 7.5 34.4 2.3 0.9 62.4 2.56 
2 9.75 36.4 2.4 0.7 60.5 3.43 
 
 
As can be seen in Tables 5.2 and 5.3, the atomic concentration of oxygen 
decreased from 63.7% to 60.8% for as-deposited ITO films and from 63.3% to 60.5% for 
Ar+-sputtered ITO films, as hydrogen partial pressure increased from zero to 9.75 ×10-3 
Pa. It indicated that the oxygen deficiency of ITO films became more evident as a higher 
hydrogen partial pressure was used in the sputtering process. Quantitative analysis allows 
estimating the relative strength of Sn2+ to Sn4+.  The values of Sn2+/Sn4+ increased from 
1.10 to 2.17 for as-deposited ITO films and varied from 1.57 to 3.43 for Ar+-sputtered 
ITO films, respectively. The increase in Sn2+/Sn4+ ratio implied a reduction in ITO films 
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as the hydrogen partial pressure increased. The variation of the values of Sn2+/Sn4+ could 
be attributed to the blackening of the films as reported in the literature [16, 17]. 
 


















Fig. 5.10 A cross sectional view of the ODA-assisted OLEDs. 
 
 
An optical destructive anode (ODA), consisting of a highly oxygen-deficient 
semitransparent ITO layer and a transparent ITO layer, was used for sunlight readable 
OLEDs. Such devices exhibit a substantial reduction in the ambient light reflection from 
the metal cathode, hence an enhanced contrast, even view in high illuminated ambient, 
was obtained. More importantly, the refractive index of ITO can be engineered by 
controlling the film deposition conditions. In addition, the contrast of the OLEDs made 
with a dual-layer anode structure can be controlled by adjusting the oxygen deficiency in 
ITO. The thickness of the optical destructive interference layer can also be easily 
optimized for device applications. The optical destructive anode for high contrast 
OLEDs, in this work, can be constructed in a continuous process without acquiring 
additional deposition tools and target materials. This reduces the possibility of cross-
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contamination if different materials are used in the same processing chamber. The 
fabrication of optical destructive anode is highly compatible to the existing thin film 
deposition process. The optical destructive anode has stable chemical characteristics and 
can also be easily patterned using well developed lithographic techniques for device 
fabrication. It is a feasible and cost-effective approach for visual legible OLED displays 
under different ambient light conditions. 
 
The devices studied are shown schematically in Fig. 5.10. Oxygen-deficient ITO 
was deposited on the glass substrates with a shadow mask at different hydrogen partial 
pressures in the sputtering gas mixture. Then a 130 nm thick transparent ITO layer was 
capped on it through the same shadow mask. Tris-(8-hydroxyquinoline) aluminum (Alq3) 
and N, N'-di(naphthalene-1-yl)-N, N'-diphenylbenzidine (NPB) were employed as the 
electron-transporting/emissive layer and hole-transporting layer, respectively, in OLEDs. 
Organic stack and the metal cathode contact were deposited in the following sequence: 
60 nm of NPB, 75 nm of Alq3, 10 nm of Ca and 150 nm of Ag. This structure was chosen 
to provide good reproducibility between devices, although higher efficiencies can be 
obtained using more complex structures and doped light emitting regions [19, 20]. A 
control device was also constructed with a configuration of ITO (130 nm)/NPB (60 
nm)/Alq3 (75 nm)/Ca (10 nm)/Ag (150 nm). Table 5.4 depicts the structures of the 
studied OLEDs highlighting the different anode configurations. The device performance 
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Table 5.4 The different optical destructive anode structures for OLEDs  
 
Device PH2 (×10-3 Pa) ODITO (nm) NPB (nm) Alq3  (nm) Ca (nm) Ag (nm) 
Ref. 0 0 60 75 10 150 
A 7.5 130 60 75 10 150 
B 7.5 300 60 75 10 150 
C 9.75 300 60 75 10 150 
 
 
5.3 Performance of high contrast OLEDs 
 
Fig. 5.11 shows the current density and voltage (J-V) characteristics measured for 
the ODA-assisted OLEDs and a control OLED. The effects of the hydrogen partial 
pressure and the film thickness of oxygen-deficient ITO layer on the J-V characteristics 
of devices have been described in Fig. 5.11. It can be seen that the J-V characteristics of 
both devices are almost identical at low driving voltage and deviate slightly at high 
voltage. The results demonstrated a shift in the J-V curves toward lower voltage with the 
use of the optical destructive anodes compared to a control device, which can be 
explained by the addition of the oxygen-deficient ITO (ODITO) layer. When the optical 
destructive anode is used, in this case, the actual sheet resistance of the anode is lower 
than that of the anode in the control device. At 25 mA/cm2, the voltages of the ODA-
assisted devices are even 0.2~0.4 V lower than that of the standard device, showing that 
voltage drop across the bilayer anode is much less compared to the normal anode. 
Therefore the oxygen-deficient ITO layer has negligible effect on device J-V 
characteristics in spite of the variation in film thickness and blackness. 
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 Fig. 5.11 Current-voltage characteristics of a conventional OLED and the
OLEDs made with optical destructive anodes. he luminance-current plots of the devices are presented in Fig. 5.12. It is 
 that the luminance of device A, B and C is approximately 70%, 50% and 30%, 
ely, of the standard device at a selected current density of 25 mA/cm2. Such a 
 in luminance can be attributed to the effect of oxygen-deficient ITO absorbing 
 addition to a substantial reduction in the ambient reflection, the brownish 
ayer also absorbed the internal emitted light from the emissive layer, hence a 
 in device luminance.  
ig. 5.13 shows the characteristics of electroluminescence (EL) efficiency versus 
ensity for a control device and three ODA-assisted devices. It is evident from 
 that the EL efficiency of the control device was substantially higher than those 
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with optical destructive anodes. For instance, at 50 mA/cm2, the EL efficiency were 3.5, 
2.6, 1.8, 1.1 cd/A for the control device, device A, device B and device C, respectively. 
The reduction of EL efficiency is associated with the interposing of the ODITO layer. As 
discussed previously, this light-absorbing layer diminished the output of the device 
luminance, though the internal quantum efficiencies are almost identical for the studied 
devices.  It is noticed that the variation in the layer thickness of the ODITO layer has the 
equivalent effects on the device performance with the variation in the hydrogen partial 
pressure. Thus, by tuning the thickness and the hydrogen partial pressure of ODITO 
layer, an optimal ODA-assisted OLED can be expected with superior characteristics. 
 




































 Fig. 5.12 Luminance-current characteristics of the OLEDs made  
with optical destructive anodes and a conventional OLED. - 109 - 





































































Fig. 5.13 Wavelength-dependent reflectance spectra measured for a control  device 
and high contrast OLEDs made with different ODAs varied in 
 (a) layer thickness and (b) hydrogen partial pressure used for the ODITO layer. 
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Fig. 5.13 depicts the results from specular reflectance measurements, showing a 
significant reduction in the reflectance of device A, B and C relative to the control device 
over the visible spectrum range of 300 to 800 nm. The effect of the optical destructive 
anode is to reduce the reflection over a wide bandwidth to provide a dark background in 
spite of the use of reflective electrode. The corresponding sun/eye-integrated reflectance 
(SEIR) amounts to 45.6%, 21.3%, 13.4% and 71.3% for device A, B, C and the control 
device, respectively, indicating more than 5 times decrease in the device reflection when 
employing the optical destructive anodes. The effect of the ODITO layer thickness and 
the hydrogen partial pressure used in the fabrication of the ODITO layers on the 
reduction in ambient reflection are exhibited in Fig. 5.13(a) and Fig. 5.13(b), 
respectively. Compared with device A and B as shown in Fig. 5.13(a), it is revealed that 
at the same hydrogen partial pressure, the SEIR of the devices are governed by the 
thickness of ODITO layer. On the other hand, the SEIR of the devices can be modulated 
by varying the hydrogen partial pressure in the sputtering ambient if the ODITO layer 
thickness is fixed as observed in Fig. 5.13(b). Therefore, the two factors contribute to the 
reduction of the specular reflectance of the devices.  
 
      Table 5.5 SEIR and performance of OLEDs at current density of 25 mA/cm2. 
 
Device 
PH2 in the sputtering 




(%) EL at 25 mA/cm2
    L (cd/m2) Voltage (V) 
Ref 0 0 71.3 687 8.0 
A 7.5 130 45.6 500 8.0 
B 7.5 300 21.3 330 7.8 
C 9.75 300 13.4 220 7.6 
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J-V-L characteristics and specular reflectance measured for different OLEDs are 
summarized in Table 5.5.  In the simplest view, the contrast of the device is defined as 








aaEL +=+= ,                                                               (5.1) 
 
where is the luminance effectively emitted by the device,  is the ambient light 




















Fig. 5.14 Illumination showing the light traveling routes for both internal 
emitted light of conventional OLEDs and ambient light. 
  
The schematic diagram of the device contrast definition is demonstrated in Fig. 
ontrast can be improved either by increasing the brightness or lowering the 
nce of the device, but the former boosts the power and diminishes the lifetime of 
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the display. According to Eq. (5.1), at a given or a constant illumination, the contrast of 
an OLED display is directly proportional to the ratio of   toELL R . As such, a device 
architecture that gives a high ratio of ( /R) is essential for high visual contrast. The 
ratio of ( /R) for device A, B, and C, normalized to that of the reference device, is 1.1, 
1.6 and 1.7, respectively. An obvious increase of the relative ratio of the luminance to 
reflectance among the ODA-assisted OLEDs has been observed, showing the 
effectiveness of the optical destructive anode in enhancing the display contrast. 
Therefore, the device contrast and legibility can be considerably enhanced and high-







 Fig. 5.15 Optical images of (a) a control device and (b) an ODA-assisted device. 
 
The optical images of the control device (Fig.5.15a) and the ODA-assisted device 
B (Fig. 5.15b) are shown in Fig. 5.15, when operated at a voltage of 8 V, under 
fluorescent room light condition. Obviously, the control device is highly reflective and 
leads to glare (the image of the camera lens can seen due to the high reflection), while the 
dark electrode is shown in device B owing to a low ambient reflection. Readability of the 
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images depends on the contrast, and for conventional OLEDs, the mirror-like back 
electrodes cause an apparent degradation of display images as shown in Fig. 5.15(a). It is 
therefore evident that the ODA-assisted device can dramatically enhance the device 
contrast and boost the legibility. 
 
5.4 Simulation of ODA-assisted OLEDs 
 
The reduction in reflection caused by insertion of an oxygen-deficient ITO 
interlayer was further investigated by computer simulation using admittance analysis [21-
23]. In the simulation, the real part of the refractive index and the extinction coefficient 
of NPB, Alq3, ITO and Ag are wavelength dependent, and the corresponding values were 
determined by VASE.  
 
5.4.1 Determination of the optical constants 
 
The theoretical calculation of the device contrast is based on the accurate 
determination of the optical constants of materials for OLEDs. In this respect, the 
variable angle spectroscopic ellipsometry is used to measure wavelength-dependent 
refractive index and extinction coefficient of these materials. The fitting model 
parameters are specified in order to fit the experimental data.  These parameters include 
the thickness and the parameters in a dispersion formula for each material. The root mean 
square error (MSE) is used to quantify the difference between the experimental and 
predicted data. A smaller MSE implies a better model fit for the data. The layer thickness 
and optical constants are thus obtained from the best-fit solution. 
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To determine the film thickness and refractive index using VASE, it is desirable 
to find a spectral range where the film is transparent or near transparent (k ~ 0). This 
allows simpler models with fewer parameters to be used for fitting the data. For organic 
materials studied in present work, the VASE data can be fit with the Cauchy dispersion 
formula: 
 
42 //)( λλλ CBAn ++= ,                                                                                  (5.2) 
 
and 0)( =λk  at this spectral range, where A, B and C are fit coefficient and λ  is the 
wavelength. The extracted optical constants of NPB and Alq3 are described in Figs. 5.16 










































Fig. 5.16 Refractive index and extinction coefficient extracted for  
NPB layer with a thickness of about 50 nm. 
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Fig. 5.17 Refractive index and extinction coefficient extracted for Alq3 layer 
with a thickness of about 40 nm. 
 
It is observed that both the refractive index and extinction coefficient of NPB and 
Alq3 vary considerably with the wavelength. In the visible spectral range, the two 
materials are almost transparent. The band gap of the materials can be deduced precisely 
using the shape of the well-defined absorption peak in the spectra. In this case, it is found 
3.01±0.01 eV for NPB. 
 
An accurate determination of the film thickness and the optical constants of ITO 
can be achieved by modeling the material with one or more Lorentz oscillators of the 
form: 
 
∑ −−+=+= ∞ k kk k hiBhE
Aih ννεεενε 22121 )()(
~ ,                                             (5.3) 
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where ∞1ε is an additional offset term defined in the model. For the kth oscillator, is 
the amplitude, is the broadening of each oscillator [24], and 
kA
kE νh is the photon energy 
in eV. The extracted refractive index and extinction coefficient of ITO films at various 
hydrogen partial pressures are shown in Fig. 5.18.  The relation between the wavelength-























































 Fig. 5.18 Wavelength-dependent refractive index and extinction 
coefficient of ITO films as a function of the hydrogen partial pressure.  
 
 
5.4.2 Calculation of specular reflectance of OLEDs 
 
Computer simulation was carried out to calculate the optical characteristics of 
OLEDs. It is found that the total reflection of a device can be varied substantially by 
varying the thickness of the oxygen-deficient ITO layer. The simulated correlation 
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between the specular reflectance and the ODITO layer thickness has the similar trend as 
correlation measured for a set of OLEDs with the same configuration. The calculated and 
measured spectral reflectance, R (λ), for device A was plotted in Fig. 5.19. The calculated 
data fitted the experimental results quite well except for a sight deviation over the 
wavelength of 460 to 540 nm and above 600 nm. This difference mainly arises from the 
variation in the phase of the rays directly reflected from the glass substrate and the rays 
reflected from the reflective back electrode. Such destructive interference is wavelength 
dependent. 
  































Fig. 5.19 Calculated and measured spectral reflectance of the device with a configuration 
of glass/ODITO(300 nm)/ITO(130 nm)/NPB(60 nm)/Alq3(75 nm)/Ca(10 nm)/Ag(150 
nm). - 118 - 
 
Defining )(λF  as the flux of the incident solar radiation, the integrated 
normalized reflectance can also be calculated by: 
 


















RL .                                                                                         (5.4) 
 
Fig. 5.20 shows the measured and calculated integrated normalized reflectance of 
ITO over the visible range as a function of the hydrogen partial pressure used in the film 
deposition. As seen in Fig. 5.20, the calculated reflectance agrees well with measured 
one, indicating the effectiveness of the computer simulation. By tuning the film thickness 
of oxygen-deficient ITO layer and the hydrogen partial pressure in the sputtering gas 
mixture, further modification of ODA-assisted OLEDs can be achieved through the 
prediction of the computer simulation.  































 Fig. 5.20 Measured and calculated integrated spectral reflectance, over 
 the wavelength range of 400 to 700 nm, of ODA-assisted OLEDs as a  
function of the hydrogen partial pressure. 
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5.4.3 Simulation of device contrast 
 
Alq3 































Fig. 5.21 Schematic diagram of simulation setup: (a) to calculate the specular 
reflectance of ODA-assisted OLEDs, (b) to calculate the visually perceived 
luminance of ODA-assisted OLEDs. - 120 - 
In order to show the improvement in display contrast of ODA-assisted OLEDs, 
ter simulation is employed, which allows to calculate the device contrast with 
s configurations. In simulation, it was assumed that light was generated by a source 
d in the glass substrate, reflected from the cathode, and collected by a detector 
d in the glass. Here, the solar radiation was utilized as the source. The specular 
ance, R, thus, can be calculated by admittance analysis. To an observer, the 
ly perceived light includes the reflected ambient light, LRef, and the emitted light by 
issive layer, LEL.  To obtain LEL, assuming that light was emitted by the emissive 
                                    CHAPTER 5 
layer, Alq3, in this case, the visually perceived light can be calculated by the product of T 
and , where T is the transmittance of ODA-assisted OLED from organic stack to glass 




ELL 3 EL spectrum. The schematic diagram to illuminate the 
simulation principle is shown in Fig. 5.21.  
 
As defined previously, the contrast can be expressed in the form of 
. It is shown that at a given or a constant illumination, the contrast 
of an OLED display is dependent on the ratio of ( /R). The calculated data of ( /R) 
for ODA-assisted OLEDs at different hydrogen partial pressures were normalized by 
those taken from the control device. Fig. 5.22 shows the normalized ( /R) as a function 
of the layer thickness of ODITO.  









































 Fig. 5.22 Normalized /R of OLEDs with ODAs prepared at different
hydrogen partial pressures as a function of the ODITO layer thickness. 
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It is evident that the incorporation of an optical destructive anode can significantly 
enhance the device contrast. Oscillations of the values of device contrast have been 
observed with the variation of the thickness of the ODITO layer, owing to the optical 
interference effect. The values of normalized ( /R) decreased with the ODITO layer 
thickness. The optimized thicknesses of ODITO layer have been predicted as 130 and 





In conclusion, highly oxygen-deficient ITO films were prepared for high-contrast 
OLED application. Compositional characterization by RBS and XPS revealed an oxygen-
deficient stoichiometry. Further investigation by XPS indicated that the blackening of 
ITO films could be attributed to the reduction of SnO2, and was induced due to the 
presence of hydrogen species in the film deposition.  
 
An optical destructive anode, consisting of an oxygen-deficient ITO layer and a 
transparent ITO layer, has been employed for high contrast OLEDs. The sun/eye 
integrated reflectance of ODA-assisted OLEDs can be sufficiently reduced to ~13%, or 5 
times lower than that of the standard device, while the J-V characteristics are comparable.  
The ratio of ( /R) for ODA-assisted OLEDs was improved from 1.0 to 1.7 compared to 
a control device, leading to a sunlight readable OLED. 
ELL
 
Computer simulation further proved the effectiveness of the optical destructive 
anode for sunlight readable OLED.  The results obtained from the admittance analysis are 
in good agreement with the experimental results. By tuning the film thickness and optical 
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properties of the oxygen-deficient ITO layer, further optimization of the device contrast 
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CHAPTER 6 CONCLUSION 
 
This thesis is mainly focused on the study of the oxygen-deficient ITO films and 
its application in high-contrast organic light-emitting devices. It covers the development 
of thin film deposition process, investigation of the effect of oxygen deficiency on the 
electrical, optical, mechanical and surface morphological properties of ITO films, and 
exploration of its potential application in high-contrast OLEDs. 
 
In this work, a low-temperature deposition process for an oxygen-deficient ITO 
film was developed using rf magnetron sputtering. An optimal ITO with a minimum 
resisitivity of 3.16×10-4 Ω cm was obtained at the hydrogen partial pressure of 2.0×10-3 
Pa. It is found that the hydrogen partial pressure plays a critical role to determine the film 
conductivity. It has to fulfill the conflicting requirements of introducing enough oxygen 
vacancies for generation of free carriers without causing too much film disorder.  
 
The optical properties were strongly affected by the hydrogen partial pressure in 
the sputtering ambient. At the optimimal condition with respect to the maximum 
transmission and minimum resistivity, the optical transmission of the ITO films in the 
visible range was 87%. Blackening of the ITO films was observed with the addition of 
sufficient hydrogen species in the gas mixture, which could be attributed to the reduction 
of SnO2 in the films as explored by XPS. The widening of the optical band gap with an 
increase in carrier concentration is well explained by Burstein-Moss theory. A reduction 
of the refractive index of ITO films was observed due to the increase of the free electron 
density as the hydrogen partial pressure increased.  
 - 126 - 
                                                                                                             CHAPTER 6  
The doping efficiency of oxygen vacancies, the intrinsic optical band gap and the 
reduced effective mass were estimated in this research work. The value of the doping 
efficiency was calculated as 0.06, indicating that there are more than ten times as many 
oxygen vacancies as would be expected from the carrier concentration measurements. It 
is therefore clear that for low-temp ITO, the doping mechanism is more complex than the 
usual one that every oxygen vacancy produces two free electrons. The intrinsic optical 
band gap was deduced as about 3.72 eV and the reduced effective mass was calculated as 
0.56 m0, which are in good agreement with the previous literatures. 
 
The variation in the work function of ITO films was observed when different 
hydrogen partial pressures were used, which was attributed to the change of the carrier 
concentration. As the charge carrier concentration increased, the Fermi level shifted 
towards the conduction band and diminished the energy difference of vacuum level 
relative to Fermi level, hence a decrease in the work function. The hydrogen partial 
pressure was also found to modify the surface morphology of the ITO films. A small 
amount of hydrogen species in the sputtering ambient can improve the surface roughness 
of the films. A variation in the elastic modulus and hardness of the ITO films with the 
hydrogen partial pressure was observed and the film density was estimated. A decrease in 
ITO film density was found as the hydrogen partial pressure increased.  
 
Based on the above investigation on oxygen-deficient ITO, an optical destructive 
anode (ODA) has been developed, employing an optically absorbing and electrically 
conducting oxygen-deficient ITO and a transparent ITO layer. Devices utilizing the novel 
anode exhibit a substantial reduction in the ambient light reflection from the metal 
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cathode, demonstrating an enhanced visual contrast even in high ambient illumination. 
The sun/eye integrated reflectance of OLEDs made with ODA can be sufficiently 
reduced to ~13%, or 5 times lower than that of the standard device, while the J-V 
characteristics are comparable.  The normalized ratio of ( /R) for OLED made with 
ODA to that of a conventional OLED was improved from 1.0 to 1.7, demonstrating a 
significant improvement in the visual contrast of OLEDs.  
ELL
 
Computer simulation further proved the effectiveness of the optical destructive 
anode for high contrast OLEDs.  The results obtained from the computer modeling are in 
good agreement with the experimental results.  
 
Future work is mainly focused on the optimization of the device contrast. By 
tuning the film thickness and the optical properties of the oxygen-deficient ITO layer, 
further optimization of the device contrast can be achieved. The low-cost alternatives of 
oxygen-deficient ITO will be explored as well, thus the cost-effective high-contrast 
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